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GENERAL SUMMARY 
 
Increasing the DE content of pig diets through fat addition has been shown to 
have a variety of effects on performance of pigs, including a decrease, no effect 
or an improvement. The addition of supplemental fat to diets, for 
growing/finishing pigs above current recommendations has been a controversial 
issue for many years, as it is generally viewed that any surplus energy in this 
form will be deposited as adipose tissue, and therefore become detrimental to 
carcass value. Nevertheless, there is some recent evidence demonstrating benefits 
in terms of production and profitability in increasing DE content of the diet by 
adding supplemental fat, however the definition of the most efficacious feeding 
strategy (type of fat, amount of dietary fat, length of feeding period) and the 
precise mechanism(s) of action have not been elucidated. Therefore, the 
objectives of the studies conducted in this thesis were to:  
 
1.  Assess the effects of dietary fat supplementation (types and amounts) on 
pig performance by investigating production indices and carcass 
attributes and where possible linking changes to blood metabolites; 
2.  Determine the effects of supplemental dietary fat (types and amount) on 
apparent ileal and total tract nutrient digestibility in pigs  fed  diets 
containing varying amounts of tallow and oil.  
 
Two experiments were conducted using diets containing varying amounts of 
vegetable or animal fat, with canola oil (CO) and beef tallow (BT) used as 
representatives of these sources. These fats sources were fed to cannulated pigs 
and the effects on the coefficients of ileal apparent digestibility and total tract 
apparent digestibility were evaluated.  
  
 
XVI 
Experiment 1 (Chapter 3), indicated that dietary fat supplementation in Period 1 
(grower period) increased (P<0.05) average daily gain but had no effect on 
carcass weight or P2 backfat thickness. In contrast, 4% dietary fat 
supplementation during Period 2 (finisher period), regardless of fat consumed in 
Period 1, increased average daily gain (P<0.05) over the entire experiment. 
Plasma glucose concentrations were unaffected by dietary fat, however, insulin 
and non-esterified fatty acid (NEFA) were increased by addition of fat (P<0.001) 
in both periods. Plasma triacylglycerols (TAG) were increased as dietary fat was 
increased (P=0.02). These data provide evidence that feeding fat to finisher pigs 
above the assumed DE requirement causes increased carcass weight but increased 
P2 backfat thickness. Economic returns on the carcass were not compromised. 
Indeed, adding 4% fat to the finisher diet increased returns over feed costs by as 
much as AU $3.95 per pig.  
 
Experiment A (as part of Experiment 2 – Chapter 4), investigated two dietary 
fat sources, canola oil and beef tallow (CO and BT) and their amount in the diet 
(0%, 4% or 8%) in ileal T-piece-cannulated pigs for their effects on coefficients 
of ileal apparent digestibility (CIAD) and total tract apparent digestibility 
(CTTAD) of nitrogen (N), dry matter (DM), gross energy (GE) and fat. The 
amount of added fat had a significant increase effect on CIAD and CTTAD of fat 
(P=0.01 and P=0.002 respectively), as did type of fat (P=0.013 and P=0.005 for 
BT and CO, respectively). However, when the interaction between the amount of 
fat and type of fat was analysed, the response pattern differed for the CIAD of 
DM (P=0.031), N (P=0.048) and GE (P=0.022) with all values being higher at the 
4% inclusion rate for CO compared to BT and higher for BT at the 8% inclusion 
level. The CTTAD of fat increased with inclusion level and was higher for BT 
than CO. The CTTAD of other nutrients was unaffected by the type of fat or level 
of fat included in the diet. These findings suggest at lower inclusion rates CO 
should support better performance than BT but that the effects will be reversed at 
higher inclusion rates.  
 
Experiment B (as part of Experiment 2 – Chapter 4), evaluated the same two 
fat sources (CO and BT) but in different combinations with each other, to 
represent different ratios of dietary unsaturated fatty acids (UFA) to saturated  
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fatty acids (SFA), for their effects on coefficients of ileal apparent digestibility 
(CIAD) and total tract apparent digestibility (CTTAD) of nitrogen (N), dry matter 
(DM), gross energy (GE) and fat. There were no effects (P>0.05) on the CIAD or 
CTTAD of nutrients associated with the varying ratios of CO:BT (UFA:SFA) of 
the added fat in the diet. 
 
From the results obtained in this thesis, it is proposed that: 
1.  Feeding 4% supplemental fat in the finisher period only is the ideal (most 
cost effective means of increasing pig performance and economic returns 
under  commercial situations); 
2.   Digestibility of fat increases as fat inclusion increases, however, ileal 
digestibility increases when unsaturated fats are fed at a lower level (4%) 
and when saturated fats are fed at a higher level (8%); 
3.  At higher inclusion rates there appears to be no value in blending 
saturated and unsaturated fats in pig diets. 
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CHAPTER 1 
 
GENERAL INTRODUCTION 
 
Cereals have traditionally been used in the pig industry as the main source of 
energy in pig diets. However, due to variable composition, differences in nutritive 
value between cereal types and the availability and price of cereals, alternative 
sources of energy have been considered, for example, the addition of fat. The use 
of fat as an energy source for pigs has been shown to increase digestibility of 
nutrients (Asplund et al., 1960; Berschauer, 1984; Jones et al., 1992; Lewis and 
Southern, 2001) and (or) improve growth rate (Myer and Combs, 1991; Bauden 
et al., 2003; Campbell, 2005; Philpotts et al., 2008;  Collins et al., 2009a), 
however, studies on the effects of adding fat to swine diets have yielded variable 
results. Nevertheless, some recent information (Campbell, 2005; Philpotts et al., 
2008;  Collins et al., 2009a) has shown that added fat can be of benefit to 
growing/finishing pigs under commercial situations where there are often a 
number of constraints, such as increased stocking density and decreased feeder 
access (Campbell, 2005), that might create conditions where added fats in diets is 
beneficial because of its higher energy concentration. 
A review by Pettigrew and Moser (1991) concluded that there was a consistent 
improvement in growth rate and reduction in feed intake and improvement in 
feed:gain when fat is added to the diet of growing/finishing pigs. In addition to 
the level of fat per se in the diet influencing production and digestibility, the type 
of fat (i.e., saturated versus unsaturated fat), and the ratio of fat types are also 
likely to influence any responses (Mu, 2007). Differences in the fatty acids 
composition and the ratio of unsaturated:saturated fatty acids (UFA:SFA) in the 
fat source are also likely to cause variations in production and digestibility 
(Stahly, 1984). To date and to my knowledge, comprehensive studies 
investigating these factors that link production measurements to estimates of 
digestibility have not been conducted. 
With this in mind, the overall aims of this thesis were as follows;  
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1.  Determine whether the use of added fat, either as beef tallow (BT) or 
canola oil (CO), to increase the digestible energy (DE) content in diets 
above  current  recommendations would improve measures of 
production and an estimate of the cost of any production gain; 
2.  Determine the optimum feeding strategy for diets containing different 
types and levels of added fat in the growing/finishing period; 
3.  Determine the effects of fat type, either as BT or CO, the level of fat 
in the diet and the dietary UFA:SFA ratio acids on estimates of 
digestibility of selected nutrients and diet components when assessed 
at the ileum and in the faeces. 
 
The specific hypotheses examined in this thesis were as follows; 
1.  Supplementing grower/finisher diets with up to 8% added fat would 
improve feed conversion ratio (FCR) and growth performance without 
being detrimental to carcass quality (P2 backfat thickness);  
2.  Feeding supplemental fat only in the finisher period would enhance 
production and lower costs, as no supplemental fat would be 
necessary in the grower period. However, eliminating fat in the 
finisher period, if already  present  in a grower diet, would be 
detrimental to growth performance; 
3.  Pigs fed diets with added CO would have a higher digestibility (ileal 
and total tract) than pigs fed diets containing BT; 
4.  A higher UFA:SFA ratio would significantly improve nutrient 
digestibility; 
5.  Increasing dietary fat level would slow rate of passage. 
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CHAPTER 2 
 
LITERATURE REVIEW: EFFECTS  OF THE TYPE AND LEVEL OF 
FAT ON DIGESTION AND ABSORPTION, GROWTH PERFORMANCE 
AND CARCASS TRAITS OF GROWER/FINISHER PIGS 
 
2.1 Introduction 
In order to achieve improvements in production efficiency at reduced cost in the 
Australian pig industry, improvements in the price and (or) utilisation of dietary 
ingredients is crucial. In this regard, there is evidence that dietary fat additions, 
above current recommendations (3% of dietary DE for pigs up to 30kg and 1.5% 
of dietary DE for 30 – 90 kg according to The Agricultural Research Council, 
1981), enhance pig growth performance without altering carcass fat content under 
commercial situations and that the withdrawal of fat can have negative carry-over 
effects on feed intake and growth rate (Campbell 2003). The improved growth 
performance is likely a combination of the effects of dietary fat on reducing gut 
passage rate and (or) increasing digestibility of other nutrients, and the metabolic 
effects that result in increased net energy availability (Pettigrew and Moser 
1991). However, the scientific literature regarding the use of fat in pig diets, to 
date, is equivocal and presently it is not possible to make firm recommendations 
on what level and (or) type of fat fed is most productive in terms of digestion and 
animal performance. Other priorities for research in this area include determining 
the optimum dietary fat inclusion rate and understanding the impact(s) that 
dietary fat has on the carcass and economic returns for the producer.  
 
The following literature review considers fat metabolism in the grower and 
finisher pig. The review discusses the effect of the type and level of fat on 
digestion and absorption, growth performance and carcass traits of 
grower/finisher pigs. 
 
2.2 Fat and fatty acid terminology 
2.2.1 Definition of fat 
The term ‘fat’ is generally applied to those foods or components of foods that are 
clearly fatty in nature, greasy in texture and immiscible with water (Gurr, 1984).  
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The difference between fats and oils is basically the state at physiological 
temperature. Chemically, however there is little distinction since the substances 
are all composed predominantly of esters (triacyglycerols [TAGs]). Scientists use 
the more general term ‘lipid’ to describe a chemically diverse group of biological 
substances that are generally hydrophobic in nature and in many cases soluble in 
organic solvents (Smith, 2000). Lipids are categorized into different subclasses 
(Fahy et al., 2005) as described in 2.2.2 below. 
 
2.2.2 Definition and classification of lipids 
The nutritionally important lipids are fats (solid) and oils (liquid) that consist of 
fatty acids with 12-20 carbons. Most of the lipid found in food is in the form of 
TAGs, which are fatty acid esters of glycerol. Other types of dietary lipids 
include cholesterol and phospholipids. The dietary requirements of lipids 
(essential fatty acids; EFA) can be satisfied entirely by consumption of sufficient 
amounts of linoleic and linolenic acids (omega 3 and omega 6, respectively). 
Many studies have reviewed the effects/benefits of linoleic and linolenic acids in 
pigs (Sewell and McDowell, 1966; NRC, 1998). These EFA are long chain (18 
carbons), polyunsaturated, with omega-3 double bonds and omega-6 double 
bonds and both with hydrogen molecules around the double bonds in the cis 
configuration (Berg et al., 2002). The placement of the double bonds relative to 
the omega carbon is significant because it determines the capacity for 
endogenous synthesis of the fatty acid (Berg et al., 2002).  
 
The particular metabolic fate of a dietary fatty acid is determined by its structural 
characteristics, which include carbon chain length (short, medium, long or very 
long), number of double bonds or degree of saturation (saturated, 
monounsaturated or polyunsaturated), placement of double bonds relative to the 
omega carbon (omega 3, 6 or 9), and configuration of hydrogen molecules around 
the double bonds (cis or trans). Fatty acids may be oxidised for energy, 
incorporated into cell membranes, utilised for synthesis of biologically active 
compounds, or deposited into adipose tissue to provide an energy source 
(Ratnayake and Galli, 2009). The five categories of lipids found in foods and in 
body fat are listed in Table 2.1. 
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Table 2.1 Types of lipids 
Dietary Forms   
Type of Fatty Acid  Description 
  Hydrocarbon chain with carboxylic 
acid 
Saturated  -  Has maximum number of 
hydrogen molecules on the 
carbon chain 
-  High melting point 
-  Found in meat, poultry, dairy, 
coconut and palm oils 
Trans  -  Product of hydrogenation or 
nature which increases the 
saturation of fatty acids within 
oils and converts natural cis to 
trans configuration 
-  Consists of straighter chains 
than natural unsaturated fatty 
acids 
-  Industrial process that 
chemically transforms a low 
melting point to enhance 
product taste, stability and shelf 
life 
Monounsaturated  -  Contains one double bond 
-  Liquid at room temperature 
-  Found in olive, peanut and 
canola oils 
Polyunsaturated  -  Contains two or more double 
bonds 
-  Liquid at room temperature 
-  Found in corn, soybean, 
safflower and sunflower seed 
oils and fish 
-  3 Fatty Acids (essential): 
Linoleic acid (18:2) 
-  6 Fatty Acids(essential): 
Linolenic acid (18:3) 
Triglycerides  -  Neutral esters of glycerol and 
fatty acids 
-  Most contain different types of 
fatty acids (mixed) 
-  Most common form of dietary 
fats and oils 
Adapted From: Feinberg School of Medicine –  Northwestern University. 
Nutrition Fact Sheet: Lipids (2009) 
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2.2.2.1 Saturated Fatty Acids (SFAs) 
Those FAs containing only single carbon-to-carbon bonds (i.e. no double bonds) 
are termed saturated (Ratnayake and Galli, 2009). Saturated fat is preferentially 
incorporated into adipose tissue stores because the absence of double bonds 
allows a higher energy yield per carbon than is obtained from oxidation of 
unsaturated fatty acids (Moussavi et al., 2008). The SFAs are further classified 
into 4 subclasses according to chain lengths: short (commonly found in vegetable 
oils), medium (milk fats and coconut oils), long (present in most animal fats and 
is a major component in the tallow of ruminant fats) and very long (peanut oil). 
The longer chain fatty acids are incorporated into cell membranes as 
phospholipids regardless of degree of saturation (Moussavi et al., 2008). 
 
2.2.2.2 Unsaturated Fatty Acids (UFAs) 
Unsaturated fatty acids have 2 subcategories: monounsaturated fatty acids 
(MUFAs) and polyunsaturated fatty acids (PUFAs), and have a double bond 
present (Ratnayake and Galli, 2009). MUFAs are either oxidised for energy or 
stored as fat depending upon the demand for energy. PUFAs are utilised as 
substrates for synthesis of biologically active compounds such as steroid 
hormones, prostaglandins, and leukotrines (Moussavi et al., 2008). 
 
2.3 Fatty acid digestibility, metabolism, absorption and transport  
The two main functions of the gastrointestinal tract (GIT) are digestion and 
absorption of nutrients. Cells (also known as enterocytes) line the GIT, forming 
an epithelium, performs digestion, secretion and  absorption (Figure 2.1). The 
enterocytes possess enzymes that can digest sugars, peptides and lipids, and they 
can transport specific substances present in the intestinal lumen (Findlay, 1998). 
Membranes and junctional complexes between cells serve as a barrier to 
numerous water soluble substances; specific transport processes are therefore 
required for those which are to be absorbed.   
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Figure 2.1 The small intestine in cross section, showing the absorptive villi 
Source: The Pig Site http://www.thepigsite.com/pighealth/article/3/digestive-syst 
 
2.3.1 Definition of the term ‘Digestibility’ 
Digestion is the mechanical and chemical breaking down of food into smaller 
components, to a form that can be absorbed, for instance, into a blood stream. 
Digestion is a form of catabolism; a break-down of macro food molecules to 
smaller ones (Hoyle, 1997). In animal nutrition, digestion and absorption are just 
described by the term digestion (Duran-Montge, 2009). Generally, nutrient 
digestibility is defined as the nutrient ratio not present in the excreta and therefore 
is supposed to be absorbed (McDonald et al., 1979). 
 
Commonly, faecal digestibility or apparent digestibility is described as a 
digestibility coefficient, showing the digested percent of a specific nutrient. This 
value doesn’t evaluate endogenous secretions and desquamations and bacterial 
modifications of nutrients (Duran Montge, 2009). Apparent digestibility  is 
calculated as (Sambrook, 1979): 
 
Apparent digestibility (%) = 
ingested fat
excrerted fat ingested fat −
  100 
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Some endogenous or metabolic loss occurs due to endogenous secretions, caused 
by losses of bile salts, cell desquamations, structural lipids from mucosa, the 
apparent digestibility of fat underestimates the true digestibility (Duran Montge, 
2009), which is calculated as (Jorgensen et al., 1993): 
 
True digestibility (%) = 
ingested fat
loss fat endogenous excreted fat ingested fat ) ( + −   100 
 
As fat is not absorbed beyond the ileum and avoiding the effects of intestinal 
microflora, a more accurate estimation can be performed at the ileum, named ileal 
digestibility, as calculated below: 
 
Ileal digestibility (%) = 
ingested fat
ileum excreted fat ingested fat ) ( −
  100 
 
2.3.2 Lipid digestion 
Dietary fats are composed mainly of TAGs containing various long-chain SFAs 
and UFAs as well as a small proportion of short-and medium chain fatty acids. 
Since they are water-insoluble compounds, they cannot be transferred to the 
enterocyte in their intact form. Therefore, the ingested TAGs are emulsified and 
hydrolysed to monoacylglycerols and free fatty acids prior to absorption. The 
digestive process is very complex and requires coordinated lingual, gastric, 
intestinal, biliary and pancreatic functions. Initially, the dietary fat is masticated 
and mixed with lingual lipase, followed by hydrolysis by gastric lipase in the 
stomach and then by pancreatic lipase in the small intestine. The rates of 
hydrolysis depend on the molecular structure of fatty acids in the TAG molecules 
(Jensen et al., 1997). In general, over short periods of time, the enzyme 
discriminates against long-chain fatty acids (Yang et al., 1990; Ikeda et al., 1995). 
As a result, the long-chain fatty acids are released more slowly than the more 
common fatty acids. Factors that modulate the enzymatic action are pH, cofactors 
(e.g. calcium ion or colipase) and the amount of enzyme delivered during 
digestion, which depends on the amount of fat in the diet (Reis de Souza et al., 
1992). 
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2.3.2.1 Digestibility of different lipids (general, types and compositions) 
Literature widely describes an increase in faecal fat digestibility as fat inclusion 
level in the diet increases (Eeckhout and DePaepe, 1988; Wiseman et al., 1990; 
Powles et al., 1993, 1994). A similar effect was found at the ileal levels 
(Jorgensen et al., 1993). This is due to a higher interference from endogenous 
secretions when fat inclusion is low (Jorgensen and Just, 1988).  
 
The dietary energy value of fats is variable and based essentially upon their 
chemical composition, which has a profound influence upon the overall digestive 
process (Wiseman, 1994). From the different digestibility trials reported in the 
literature, it can be deduced that in general, digestibility is over 95% when fats 
are liquids at physiological temperature and decreases rapidly when the melting 
point is over physiological temperature (Laplace et al., 1986). 
 
The age of the pig (LeGoff and Noblet, 2001), chain length of the fatty acids in 
the fat, free fatty acid concentration, and unsaturated-to-saturated (UFA:SFA) 
fatty acid ratio influence the apparent digestibility of fat (Stahly, 1984). Type and 
protein content has modified fat digestibility in some experiments (Just, 1982; Li 
and Sauer, 1994) but not in others (Jorgensen et al., 1996; Jorgensen and 
Fernández, 2000; Jorgensen et al., 2000), while fibre decreases fat digestibility 
(Le Goff and Noblet, 2001). The apparent digestibility of short- or medium-chain 
fatty acids (14 carbons or less) is high (80 – 95%), regardless of the dietary ratio 
of UFA:SFA fatty acids (Stahly, 1984; Doreau and Chilliard, 1997). Powles et al. 
(1995) summarized a series of studies and reported a curvilinear increase in the 
digestibility  of fat as the ratio of UFA:SFA increased from 1 to 4, with 
digestibility declining as the ratio fell below 1.5:1 (Stahly, 1996). The ratio of 
UFA:SFA in common feedstuffs ranges from 0.8 (tallow) to 6.0 (vegetable oils). 
The observations,  that increasing unsaturation ratio of fats, fat and FA 
digestibility increase has been previously described (Jorgensen and Fernández, 
2000). Powles et al. (1993) have observed that increasing the ratio of UFA:SFA, 
digestibility increases.  
 
Digestibility increases with unsaturation for C18 fatty acids: 60, 86, and 83% for 
0, 1 and 2 double bonds with tallow fed to poultry (Lessire and Leclercq, 1982).  
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This is due to the lower formation of micelles with SFAs (Stahly, 1984), which 
results in a ratio between SFA and UFA affecting digestibility percentage (Table 
2.2). 
Table 2.2 Interaction between basal diet and source of fat: effect of the 
unsaturated:saturated fatty acid ratio (UFA:SFA) on fat digestibility in pigs. 
Carbohydrate 
source 
Fat supplement  UFA:SFA  Range of fat 
digestibility (%) 
Maize  Tallow  1:5  85 – 92 
Barley  Tallow  1:0  70 – 85 
Maize  Soybean oil  4:8  90 – 95 
Barley  Soybean oil  4:0  90 - 95 
Source: Stahly (1984). 
 
An interaction between type of fat and lipid digestibility was reported in a 
chicken study revealing that apparent digestibility of total lipid was significantly 
lower for diets containing tallow than those for diets containing soybean oil 
(Smits et al., 2000). This was consistent with a rat study conducted by De 
Schrijver et al. (1991), which showed that fat digestibility was significantly lower 
in rats fed beef tallow, when compared to a fish oil and peanut oil 
supplementation. These observations are in agreement with previous chicken 
studies  (Antoniou et al., 1980; Wiseman and Lessire, 1987;  Ketels and De 
Groote, 1989). In contrast, Jorgensen et al. (2000) studied the digestion of fat and 
fatty acids in diets containing oils with different fatty acid composition (fish oil, 
rapeseed oil and coconut oil) when fed to pigs. There were few differences in the 
digestibilities of SFA, MUFA and PUFA in fish oil, rapeseed oil and coconut oil 
diets.  
 
Cera et al. 1989 suggested that weaned pigs have lower fat digestibility. Cera et 
al. (1988) found vegetable oil to be more digestible than tallow, but differences 
among fat sources narrowed as the pig aged. Frobish et al. (1970) found no 
differences in digestibility between vegetable oil and corn oil. Thaler et al. (1988)  
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found that weaner pigs gained numerically faster and more efficiently with a 
combination of soybean oil and coconut oil in the diet. In a follow-up study, Li et 
al. (1989) evaluated the addition of soybean oil and coconut oil included in 
varying concentrations. The 50% soybean oil:50% coconut oil combination 
maximised performance  of weaner pigs. However, Lauridsen et al. (2007) 
suggested fat blends in pig diets should be avoided due to results of 80 – 80.2% 
apparent fat digestibility when canola oil was fed compared to 72.8 – 76.4% 
when an animal fat and vegetable oil mix diet was fed.  
 
2.3.2.2 Site of lipid digestion 
Duran-Montge et al. (2007) studied the effects of fat source on fat and fatty acid 
apparent faecal and ileal digestibility in growing pigs. Five different fat sources 
were tested (added at 10% to a barley base diet): tallow, high oleic sunflower oil, 
sunflower oil, linseed oil and a fat blend (5.5% tallow + 3.5% sunflower oil + 1% 
linseed oil). The results demonstrated that, except for base diet and tallow diet, 
ileal and faecal apparent digestibilities for fat were similar among diets and site 
of measurements and the same was observed when it was obtained from the sum 
of the apparent faecal digestibility of fatty acids. However, Duran-Montge et al. 
(2007) reported that the sum of apparent ileal fatty acid digestibility varied 
according to dietary fatty acid composition, and was inversely related to the SFA 
content due to the lower apparent ileal digestibility of palmitic and stearic acids. 
The study by Duran-Montge et al. (2007) also revealed that apparent ileal 
digestibility in sunflower oil and linolenic in linseed oil was higher than the 
respective fatty acids of the other diets. Duran-Montge et al. (2007) suggested 
from this, together with the lower apparent faecal digestibility of stearic acid, that 
there is biohydrogenation of UFAs in the hindgut. Measurement at the end of the 
ileum should therefore provide a better estimation of digestibility of fat and fatty 
acid than at the faecal level.  
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2.3.3  Fatty acid metabolism/synthesis 
Upon digestion, dietary fatty acids may be oxidized or deposited in tissues. 
Except for the two essential PUFAs, there is de novo synthesis of fatty acids from 
acetyl-CoA derived from carbohydrate and/or protein breakdown (Acheson et al., 
1988). De novo fatty acid synthesis in rats occurs in adipose tissue and liver (Sul 
and Wang, 1998; Horton et al., 2002), in contrast to pigs, in which adipose tissue 
is the major site (Waterman et al., 1975; Romsos and Leveille 1974; Volpe and 
Vagelos 1976; Vernon, 1981; Baldner et al., 1985). Dietary fat in the form of 
vegetable oil decreases fatty acid synthesis in rat liver, because these fats contain 
large amounts of PUFA (Xu et al., 1999; Yahagi et al., 1999). Similar to the 
chicken (Hillard et al., 1980), this inhibition is not due primarily to a decrease in 
carbohydrate intake, but specifically to PUFA intake. In a rat study conducted by 
Harris and Jones (1991), adipose tissue fatty acid synthesis in vitro was decreased 
with 20 or 25% dietary fat compared with 10%, although body weight gain and 
body fat increased. Similarly, Allee et al. (1972) demonstrated a decrease in fatty 
acid synthesis in adipose tissue from high-fat-fed pigs. 
 
Increasing dietary fat content without changing the digestible energy (DE) 
concentration of the diet decreases de novo fatty acid synthesis and activities of 
related enzymes in the growing pig (Allee et al., 1971; Mersmann et al., 1984; 
Farnworth and Kramer 1987; Benmansour et al., 1991). Different sources of fat, 
with SFA (tallow, coconut oil) or linoleic acid (corn oil), inhibited fatty acid 
synthesis (i.e., activities of the enzymes of fatty acid synthesis [glucose 6-
phosphate dehydrogenase, malic enzyme, adenosine triphosphate-citrate lyase, 
acetyl-coenzyme A carboxylase (ACCX), fatty acid synthetise], were altered), but 
linoleic oil tended to be less inhibitory in some experiments (Allee et al., 1972; 
Waterman et al., 1975). Brooks (1999) showed no significant effect of diet (high 
and low fat) on the rate of fat synthesis.  However, Allee et al. (1971) 
demonstrated that 10% dietary corn oil and 10% dietary beef tallow were equally 
effective in depressing lipogenesis in porcine adipose tissue, suggesting that UFA 
and SFA are similar in their effects on de novo fatty acid biosynthesis. To my 
knowledge, the effects of specific fatty acids on de novo fatty acid biosynthesis in 
porcine adipose tissue have not been demonstrated.  
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2.3.3.1 Lipogenesis and its regulation 
Synthesis of fatty acids (via de novo lipogenesis) and triglycerides
 (lipogenesis) is 
an important factor in fat accumulation and efficiency
  of animal production 
(Murphy, 2006). Lipogenesis, encompasses the processes of fatty acid synthesis 
and then triglyceride synthesis. Storey (2004) commented that when a meal rich 
in carbohydrates and low in fat is consumed, the excess carbohydrate must be 
metabolised. A small amount can be used immediately as a substrate but most is 
processed to restore glycogen reserves, fuel the biosynthesis of many molecules, 
or converted to triglycerides. 
 
Uptake of lipoprotein triglyceride fatty acids into adipose tissue of healthy 
animals is believed to depend on the activity of the enzyme lipoprotein lipase 
(Bragdon and Gordon, 1958; Bezman et al., 1962; Pokrajac and Lossow 1967; 
Garfinckel et al., 1967;  Austin and Nestel, 1968). Adipose tissue-lipoprotein 
lipase activity in rats is mostly decreased by high fat diets compared with control 
animals (Eckel 1987). A separate study suggested that lipoprotein lipase activity 
is not affected by dietary fat, although adipocyte diameter increased, indicating 
that uptake of fatty acid was much higher, because de novo fatty acid synthesis 
decreased, and free fatty acid release tended to increase in the same pigs (Steffen 
et al., 1981). The lipoprotein lipase activity probably was higher than necessary 
for the maximum expected fat accretion in pigs (Mersmann, 1986), suggesting 
that the potential activity of this enzyme, as measured in vitro, was not limiting 
fatty acid uptake.  
 
Triglyceride synthesis by subcutaneous adipose tissue was not enhanced in vitro 
by dietary fat, however, adipocyte diameter increased in vivo  (Steffen et al., 
1981). One possible explanation is that basal lipolysis was decreased by dietary 
oil (Benmansour et al., 1991) and that increased free fatty acid release (Steffen et 
al., 1981) resulted from decreased re-esterification or from recycling of 
exogenous fatty acids that were increasingly taken up, or from both, as was 
proposed from results in dairy cows that received oil into the duodenum 
(Chilliard, 1993). 
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Complex time by diet interactions were observed in rats by De Gasquet et al. 
(1977, 1981): after an increase of dietary fat above control levels at day 2, 
lipoprotein lipase declined and was lower at day 9 and 21 and increased again to 
be similar to, or higher than the controls. The late increase was speculated to be 
due to cellular hypertrophy (Lemonnier et al., 1975; De Gasquet et al., 1977). The 
earlier decrease was likely due to a loss of insulin sensitivity (De Gasquet et al., 
1977; Sadur et al., 1984). Petterson et al. (1993) concluded that lipolysis and fatty 
acid mobilisation in adipose tissue are highly sensitive to insulin. This ensures 
that changes in insulin secretion, well within the physiological range of responses 
to nutrient supply, have a potent influence on regulation of energy balance in 
adipose tissue. High fat diets reduce insulin responsiveness of muscle and adipose 
tissues (Susini and Lamau, 1978; Anderson, 1981; Salans et al., 1981; Grundleger 
and Thenen 1982;  Sidery et al., 1990). Chilliard (1993) suggested that the 
enhanced sensitive responses to lipolytic insulin could be considered to be a 
facultative safety mechanism that can increase adipose tissue turnover rate, thus 
avoiding excessive fattening that results from the efficient use (enzymatically and 
energetically) of fatty acid in a neutral environment. 
 
Harris (1992) demonstrated that whereas a low fat diet (2% of energy) fed to rats, 
initially increased sensitivity, a high fat diet (61% of energy) decreased insulin 
sensitivity compared with a control diet (21% of energy from fat). Fatty acid 
saturation also influences the extent of insulin resistance. Diets high in SFAs 
(30% of energy from palm oil) increased insulin resistance in rats to a greater 
extent than diets high in either MUFAs (30% of energy from olive oil) or PUFAs 
(30% of energy from sunflower seed oil) (van Amelsvoort et al., 1988). With a 
reduction in fat from 30% of energy to 15% of energy intake, insulin sensitivity 
improved in all rats, however, the difference between SFA and PUFA diets was 
still apparent. Smith et al. (1996) took advantage of the availability of several free 
fatty acid mixtures and fed them to pigs. Results from this study indicated that 
dietary fatty acid composition had pronounced effects on overall lipogenesis. 
Dietary fatty acid composition also affected insulin sensitivity of porcine adipose 
tissue.  
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A lower level of lipogenesis elicited by dietary fats, relative to a cornstarch diet, 
was demonstrated in early studies with rats (Hill et al., 1958) and pigs (Allee et 
al., 1971). Smith et al. (1996) included a cornstarch-fed group to indicate the 
lipogenic rate of pigs of the same age and weight that were fed a typical low fat 
diet. Allee et al. (1971) included sand in the fat-enriched diets as a non-nutritive 
diluent to make the diets iso-caloric to a cornstarch-enriched diet, yet 
demonstrated nearly identical depressions in lipogenesis by dietary fats as Smith 
et al. (1996) observed in their investigation. These studies (Allee et al., 1971; 
Smith et al., 1996,) have demonstrated that supplementing the diets of pigs with 
10% fat, regardless of type, reduces fatty acid biosynthesis from glucose as 
compared with biosynthesis in pigs fed diets supplemented with 10% cornstarch. 
Furthermore, the various fatty acids differ in their effects in decreasing 
lipogenesis and (or) insulin responsiveness. 
 
2.3.3.2 Metabolism of different types/compositions of fatty acids 
The quantity and nature of ingested food has marked effects on pathways on 
lipogenesis and lipolysis (Pearce, 1983). With regard to the quantity of food 
consumed, it is well established that the pattern of food intake, by meal-feeding, 
ad lib  feeding, fasting, re-feeding after a fast or force feeding, results in 
significant alterations in fatty acid synthesis in mammals (Leveille, 1972; Baker 
et al., 1978). Ding et al. (2003) also noted that pig adipose tissue is rather 
refractory to regulation of fatty acid metabolism transcripts by energy intake with 
a decrease in fatty acid metabolism transcript concentration only evident after 
pigs were fasted for several days, but not when intake was severely restricted for 
weeks (Spurlock et al., 1998; Mc Neel et al., 2000;  McNeel and Mersmann 
2000). 
 
The quantity of fat in the diet has a profound effect on fatty acid synthesis in both 
liver and adipose tissue (Pearce 1983). The effects of dietary fat on adipose tissue 
fatty acid synthesis, appears to depend upon the character of the fat. To a large 
extent, tissue fatty acid composition reflects the fatty acid composition of the diet 
(Ding et al., 2003). However, De Schrijver et al. (1991) concluded that once n-3 
PUFA are absorbed, their effect on lipid metabolism is not determined by the 
dietary source. Dietary saturated fat inhibits the activities of acetyl-CoA  
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carboxylase (Volpe and Vagelos, 1976) and fatty acid synthetase (Knoche et al., 
1973), whereas PUFA controls the quantity of lipogenic enzymes in the liver 
(Musch et al., 1974; Flick et al., 1977; Toussant et al., 1981). Studies in the pig 
(Waterman et al., 1975) indicate that saturated fat has a greater effect in 
suppressing fatty acid synthesis than unsaturated fat. There are clearly organ-
specific as well as species-specific responses to the character of dietary fat 
(Pearce, 1983). However, Ding et al. (2003) observed that the receptors in pig 
adipose tissue are refractory to dietary fat concentration and composition. 
Receptor number is similar in low and high-fat-fed pigs, regardless of whether 
the high fat diet is saturated or unsaturated (Mersmann et al., 1992, Mersmann et 
al., 1995). 
 
2.3.4 Fatty acid absorption  
Prior to absorption in the intestinal lumen, many dietary constituents must be 
degraded into substances which can interact with digestive enzymes or transport 
processes in intestinal cells. Luminal digestion requires a specific luminal 
environment that is achieved by secretions of accessory organs (salivary glands, 
pancreas, and liver) and the gut mucosa itself. Together these secretions provide 
electrolytes, water, acid, base, digestive enzymes, and bile salts, which are 
necessary for luminal digestion in the optimal environment. The secretory 
function is an energy-requiring process and is under neural and endocrine control 
(Findlay, 1998).  
 
Digested food passes into the blood vessels in the wall of the intestine through 
diffusion. The small intestine is the site where most of the nutrients from ingested 
food are absorbed. The inner wall, or mucosa, of the small intestine is lined with 
simple columnar epithelial tissue. Structurally, the mucosa is covered in wrinkles 
or folds called plicae circulars. From the plicae circulars project microscopic 
finger-like pieces of tissue called villi. The individual epithelial cells also have 
finger-like projections known as microvilli. The function of the plicae circulars, 
the villi and the microvilli is the increase the amount of surface area available for 
the absorption of nutrients. It is equally important to reabsorb the various 
secretions provided by the accessory glands and gut mucosa. Very large 
quantities of water and electrolytes are secreted into the lumen of the digestive  
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tract; if they were not reabsorbed, dehydration and circulatory collapse would 
soon follow (Findlay, 1998).  
 
The pig is able to hydrolyse and absorb large amounts of fat very efficiently from 
birth. Most of the fat is hydrolysed in the small intestine under the influence of 
pancreatic lipase. Apparent digestibility of fat is generally more than 80% in pigs 
(McGlone and Pond, 2003). In addition to the action of lipases, dietary fats are 
prepared for absorption by emulsification and reduction in particle size through 
the accretion of bile acids secreted via the bile duct into the small intestinal lumen 
(McGlone and Pond, 2003). 
 
The efficiency of use of dietary fat in the pig depends on its mode of utilisation. 
Fat absorbed from the digestive tract can be deposited directly into body fat 
tissues. This process is very efficient and results in minimum loss of energy as 
body heat. It has been demonstrated repeatedly that the pig incorporates dietary 
fatty acid into tissue (Sink et al., 1964; Mason and Sewell 1967; Smith et al., 
1996) and plasma lipid (Smith et al.,1996). In contrast, fat in addition to starch 
must undergo metabolic transformations to be utilised for body maintenance 
functions or growth of tissue. These transformations are associated with a 
significant loss of energy as body heat. Thus, the energy content of fat is used 
most efficiently, or has its greatest value in pigs, when it is deposited as body fat 
(Stahly, 1996). To a large extent, tissue fatty acid composition reflects the fatty 
acid composition of the diet. Ding et al. (2003) observed that after 2 weeks of 
feeding a high fat diet, there were large changes in plasma and tissue fatty acid 
composition that reflected the dietary fatty acid composition. In addition to 
incorporation of dietary fatty acid, there is de novo fatty acid synthesis in pig 
adipose tissue, coupled with elongation and de-saturation of fatty acid in adipose 
tissue and in other tissues (Ding  et al., 2003). Finally, tissue fatty acid 
composition also reflects the specific incorporation of individual fatty acid into 
complex lipids, as dictated by the selectivity of the enzymes synthesising the 
various phospholipids, cholesterol esters, diacyglycerols and triacylglycerols 
(Lands et al., 1990). 
 
2.3.4.1 Absorption of different types/compositions of fatty acids  
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Usually, fats with a higher percentage of UFA are better absorbed than highly 
saturated SFA, with the possibility of synergistic effects between fats of different 
compositions (Hulan et al., 1984; Zollitsch et al., 1997). Generally, fatty acids of 
short to medium chain length are directly absorbed across the gut wall as 
individual fatty acids, bound to albumin and travel through the portal vein and are 
transported to the liver, where they are rapidly oxidised (Gurr and Harwood, 
1991). Short-chain fatty acids are the major anions in adult human faeces 
(Rubenstein et al., 1969) and are not thought to be absorbed by the colon (Bustos-
Fernandez et al., 1971). However, many animal studies have shown that they can 
absorb short-chain fatty acids rapidly from the colon (Myers et al., 1967, Henning 
and Hird, 1972, Argenzio and Southworth, 1975). Medium–chain  TAGs are 
known to be rapidly absorbed across the small intestine, leading to a rapid 
appearance of their hydrolytic products (i.e.: medium-chain fatty acids) in the 
blood (Hashim et al., 1964; Playoust and Isselbacher, 1964; Greenberger et al., 
1966). Long chain fatty acids are mixed with bile salts and lecithin to form 
micelles (Figure 2.2). Micelles are very small particles and easily diffuse between 
microvilli of the enterocyte of the intestinal wall and come in close contact with 
the luminal cell surface. The various lipid substances then leave the micelles and 
enter epithelial cells by diffusion (Johnston, 1970). The fat-soluble vitamins are 
absorbed at the enterocytes by interacting with transporters (Figure 2.3). The 
absorption of tallow fatty acids is limited by their rate of incorporation into 
micelles (Friedman and Nyland, 1980). Long-chain fatty acids may also impair 
their absorption and therefore the physiological response to dietary fats, due to 
the distribution of fatty acids on the triacylglycerol structure (Bracco, 1994). 
 
Bee et al. (1999) demonstrated that the absorption of oleic and linoleic acid was 
more efficient than that of stearic acid. Almost all UFAs were completely 
absorbed in this study with pigs. Another study reported that pre-emulsification 
of an oil mixture prior to ingestion increased the absorption of longer chain 
PUFAs but did not affect absorption of shorter chain SFAs (Garaiova et al., 
2007).   
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Figure 2.2 Micelle formation by phospholipids. Long chain fatty acids are 
mixed with bile salts and lecithin to form micelles, which then aid the lipids 
to diffuse through the intestinal mucosa/brush border membrane. 
Source: www.anslab.iastate.edu/.../4%20Lipids/02%20Digestion%20of%20Lipids.ppt 
 
Figure 2.3 Lipid absorption. Absorbed lipid passes through the brush border 
into the capillary by diffusion. 
Source: www.anslab.iastate.edu/.../4%20Lipids/02%20Digestion%20of%20Lipids.ppt  
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2.3.4.2 Site of absorption of fatty acids 
Opinions have varied as to the site of fat absorption in the small intestine of 
experimental animals including the pig (Frazer, 1958; Booth et al., 1961; 
Borgstrom et al., 1962; Bennett, 1963; Freeman et al., 1968; Sambrook, 1979; 
Ashild, 1985). The literature for this particular area is reasonably old and there 
are surprisingly limited recent studies that focus on absorption of fat in animals. 
However, it is clear that the site where fat is normally absorbed depends on the 
dietary load. Booth et al. (1961) explained that, when a small amount of fat is fed 
to a rat, absorption takes place almost entirely in the jejunum. If larger quantities 
are fed larger amounts are absorbed in the jejunum, but at the same time an 
increasing proportion of the ingested fat escapes absorption in the upper intestine 
and passes on into the ileum where absorption then occurs (Booth et al., 1961). 
The site of fat absorption in man is identical to the rat (Borgstrom et al., 1962). 
 
Freeman et al. (1968) discovered that the rate of uptake varied linearly with the 
concentration of fat presented to the intestine at a given flow rate, however the 
efficiency with which it was taken up remained unchanged, i.e. percentage 
absorption was independent of concentration. A study by Noakes et al. (1967) 
showed that flow rate had an appreciable effect on the efficiency of fat 
absorption. Periods of intensive flow as observed by Noakes et al. (1967) showed 
that absorptive efficiency could be reduced. These results were determined by the 
re-entrant fistula technique. Whether a similar situation holds for absorption from 
digesta in the intestine of the intact animal is not known (Freeman et al., 1968).  
It is clear, however, that the capacity of the pig’s small intestine to absorb fat is 
never exceeded (Freeman et al., 1968). Even during periods of intensive digesta 
flow, following the ingestion of a single meal of high fat content, the influx of 
lipid to the small intestine rarely exceeded the estimated  absorptive capacity 
(Freeman et al., 1968). Kvasnitskii (1951) observed similar results in relation to 
carbohydrate absorption by the pig’s small intestine, and it is evident that 
intestinal absorptive capacity is not the limiting factor in fat and carbohydrate 
assimilation. The results by Booth et al. (1961) differed and suggested that 
feeding increasing amounts of fat in the diet caused the jejunum absorption to  
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increase. Increasing amounts of fat escaped absorption and were excreted in the 
faeces, suggesting that the absorptive capacity had been exceeded. 
 
2.3.5  Fatty acid transport 
The epithelial cells of the villi (Figure 2.1) transport nutrients from the lumen of 
the intestine into capillaries (amino acids and carbohydrates) and lacteals (lipids). 
The absorbed substances are transported via the blood vessels to different organs 
of the body where they are used to build complex substances required by the 
body, a process known as assimilation. The food that remains undigested and 
unabsorbed passes into the large intestine (Kimmich, 1979). 
 
Transit through the GIT is an important component of digestion and absorption. 
Luminal contents must be transported along the length of the tract at a rate 
appropriate to the digestive and absorptive processes occurring in each region. 
This transit is achieved by the motility of the gut, which, like secretion, requires 
energy and is controlled by the enteric nervous system and hormones (Cooke, 
1975; Reece, 2004). 
 
The body uses several different mechanisms for fat transport in the aqueous blood 
medium. Fat is absorbed from the intestine in the form of chylomicrons, which 
are discrete particles, visible under the microscope. They consist primarily of 
TAGs of longer fatty acids. Chylomicrons are absorbed via the lymphatic system, 
which ultimately empties into the blood stream (McCollester, 1958).  
 
While in the bloodstream, the TAGs are hydrolysed to free fatty acids and 
glycerol by lipoprotein lipase, an enzyme associated with the capillary 
endothelium. The fatty acids and glycerol can then pass through the capillary 
walls to be used by cells as energy or stored as fats in adipose tissue. Some 
released free fatty acids bind to albumin and are cleared by the liver (Bergman et 
al., 1971). Remnants of the material are combined with proteins of the liver cells 
and these new lipoproteins are used to transport cholesterol in the blood. 
 
2.3.5.1 Rate of passage/gut motility  
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The rate of gastric emptying of a meal depends upon its volume and composition 
(Hunt and Knox, 1968) and a complex interrelationship of myogenic, neural and 
hormonal control mechanisms (Cooke, 1975). The difference in digesta transit is 
influenced by different composition of foods (Lentle and Janssen, 2008). The 
stomach of the pig serves to store/mix and to propel food into the duodenum. The 
stomach selectively retains its contents until they are digested to some degree. 
Thus, the pig stomach selectively retains larger particles of food; in one study by 
Maggio and Koopmans (1982), 50% of larger particles (2mm x 2cm) were 
retained in the stomach for at least 60 hours, whereas 50% of smaller (2mm x 
2mm) particles had left the stomach by 8 hours. In the case of a liquid marker, 
50% had left the stomach 2 hours after entering. Though clearly much less 
specialised for fermentative digestion, the stomach of the pig contains small but 
significant amounts of volatile fatty acids, indicating that some fermentation does 
occur in the stomach (Maggio and Koopmans, 1982). The pig stomach usually 
does not empty completely (Rérat and Lougnon, 1963) and gastric emptying after 
feeding has been studied in detail (Laplace and Thomassone, 1970). 
 
Mason (1983) emphasised in a study on microbial digestion in the large intestine 
of the pig that transit through this region of the digestive tract could vary from 20 
to 38 hours. Similarly, Hecker and Grovum (1975) reported a total retention time 
for digesta in the large intestine of the pig of 30 hours. McGlone and Pond (2003) 
suggested that the passage time of ingesta through the entire length (several 
metres, even in the young pig) of the pig digestive tract is 36–60 hours. When a 
pig is fed with feed components of low digestibility, large-intestinal digestion can 
increase considerably (Drochner and Meyer, 1991). 
 
With gastric infusions of fat or gastrointestinal infusions of glucose, Gregory et 
al. (1987) reported that from 30 minutes feeding until the end of a meal the pig 
regulates its intake within the course of a single meal to compensate for the 
energy infused, and that the site of this regulation may be the stomach (Gregory 
and Rayner, 1987). Results by Gregory et al. (1988) confirm and considerably 
extend previous observations (Gregory et al., 1987) that both fat and glucose 
inhibit the rate of emptying of solid meals. Indeed, emptying of both solid and 
liquid meal fractions were inhibited, although the effects were greater on  
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emptying of DM. The anti-motility effect of fat in the intestine is referred to as 
the ‘intestinal brake’ (Walker et al., 2003) and therefore ensures adequate fat 
absorption from the small intestine (as referred to above). An experiment 
undertaken by Mateos et al. (1982) concluded that transit time in the chicken was 
more rapid for the control than for the fat-supplemented diets. It has also been 
demonstrated in humans by Heddle et al. (1989) that infusion of fat in to the 
small intestine slows gastric emptying reflecting small intestinal feedback 
inhibition, and it is believed that this is associated with relaxation of the proximal 
stomach (Azpiroz and Malagaelada, 1985) or decreased contractility of the 
intestines (Heddle et al., 1988). Lin et al. (1996) suggested that fat generates the 
most
 potent feedback, primarily because of its high caloric density
 and possibly 
because its absorption rate is relatively slower. In healthy young human subjects, 
when fat is incorporated either
 into a carbohydrate-containing drink (Houghton et 
al., 1990) or a solid meal (Cunningham  and Read, 1989)
  or is administered 
directly into the small intestine (Welch et al., 1987), gastric
 emptying is slowed, 
and the blood glucose and insulin responses
 are attenuated (Welch et al., 1987, 
Cunningham and Read, 1989). The slowing
 of gastric emptying is dependent on 
the digestion of fat to
 fatty acids (Carney et al., 1995; Schwizer et al., 1997; 
Pilichiewicz et al., 2003; O’Donovan et al., 2004). 
 
2.3.5.1.1 Measuring rate of passage/digestibility 
Several substances can be used as markers such as rare earth elements and 
insoluble minerals (Lewis and Southern, 2001). Naturally occurring dietary 
markers have advantages over external markers and total collection, particularly 
in field conditions where traditional methods are often expensive, labour 
intensive and impractical (Khan et al., 2003). 
 
In pig digestion studies, the most common marker used is chromic oxide (Cr2O3) 
(Jagger et al., 1992). Other markers that have been used in pigs include titanium 
dioxide (TiO2), dysprosium chloride, cobalt ethylenediaminetetracetic acid 
(EDTA), lanthasum, samarium, ytterbium chloride and acid-insoluble ash (AIA) 
(Kennelly et al., 1980, Pond et al., 1986, Kohler et al., 1990, Jongbloed et al., 
1991, Jagger et al., 1992). 
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2.3.5.1.2 Chromic oxide as a marker 
Comparisons of the direct versus marker methods (for example, Cr2O3) in 
digestibility studies with pigs have not been extensively presented in the 
literature. However, many studies have indicated that Cr2O3 as an external marker 
of digestibility alleviates some problems associated with conventional digestion 
trials (Mroz et al., 1996; Patterson et al., 2001).  
 
Chromic oxide was first introduced as a marker by Edin (1918). Inert markers 
such as Cr2O3 provide a means to estimate total faecal output, which is used to 
calculate digestibility when the collection of total faecal output cannot be done. 
Maynard and Loosli (1979) stated that an ideal marker for determining 
digestibility and faecal output should have the following properties: 1) totally 
indigestible, 2) pharmacologically inactive within the digestive tract, 3) pass 
through the tract at a uniform rate, 4) readily determined chemically, and 5) 
preferably a substance naturally present in the feed. There have been many 
problems associated with use of Cr2O3 such as incomplete recovery and difficulty 
in determination of chromium concentration (Kotb and Luckey, 1972; Parr, 1977; 
Fenton and Fenton, 1979). Recovery rates have reportedly ranged from 96.0% to 
100.1% in horses (Haenlein et al., 1966). In pigs, a recovery rate of 93.3% of the 
dietary Cr2O3 was reported (Saha and Gilbreath, 1991). Calvert et al. (1989) 
stated that, as long as % recovery is constant, the transit time as determined by 
calculation of the tine of 80% excretion of the total recovered Cr2O3  is not 
affected. Although suggestions to substitute Cr2O3 with other markers have been 
made, Cr2O3 is straightforward to assay spectrophotometrically, as chromic acid, 
following ashing and acid digestion (Fenton and Fenton, 1979). Lewis and 
Southern (2001) have reviewed this topic extensively and conclude that limited 
marker comparison studies have been performed, especially in high fat diets, 
however, when 0.5% Cr2O3 (as-is) or 0.5% TiO2 (as-is) were compared in studies 
with growing pigs, using a barley, wheat and soybean meal-based diet, apparent 
ileal lysine digestibilities were 71.9 and 78.7 respectively (Jagger et al., 1992). In 
contrast, Yin et al. (2000) reported apparent ileal lysine digestibilities of 81.9% 
and 80.0% respectively, when TiO2 and Cr2O3 were used as indigestible markers. 
Similarly, in studies by Kohler et al. (1990) with growing pigs, ileal DM 
digestibilities were similar (range 84.9 to 86.8%) when Cr2O3, cobalt EDTA, or  
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TiO2 was used as the indigestible marker. When Cr2O3 (0.5% as-is basis) was 
compared with acid-insoluble ash (0.05% as-is basis), less variation was observed 
in the digestibility coefficients determined with Cr2O3 (Jongbloed et al., 1991). In 
other species, the apparent digestibilities of nutrients obtained from Cr2O3 in 
dogs, closely matched those obtained from yttrium oxide (Vhile et al., 2007). The 
same is true for ileal digestibility estimates obtained with TiO2 versus Cr2O3 in 
poultry (Palander et al., 2007). 
 
2.3.5.1.3 Acid insoluble ash (AIA) as a marker in the form of added celite 
Rowan et al. (1991) concluded that celite (measured as AIA) is a potentially 
useful dietary marker compound for use in digestibility studies involving 
collection of faeces. The marker was readily accepted and could be determined 
chemically using simple gravimetric analysis. Ly et al. (2002) concluded that the 
use of AIA as an indirect marker for estimation of digestibility, developed 
originally by Van Keulen and Young (1977) for studies in ruminants, appears to 
be equally effective when applied to the nutritional evaluation of diets given to 
pigs. 
 
Celite is inexpensive, easy to measure and gave no significant variation in faecal 
AIA has been found in poultry, sheep, pigs, or cattle (Sales and Janssens, 2003). 
A study conducted by Furuya et al. (2001) demonstrated mean dry matter 
digestibility value in a  standard pig diet was 83.0 and 82.7% for the total 
collection method and AIA method, respectively, and mean crude protein 
digestibility in the same standard diet was 83.6 and 83.4% for total collection 
method and AIA method, respectively. Furaya et al. (2001) concluded that AIA 
added with celite could be a reliable marker for the measurement of digestibility 
for pigs. Analytical error could be described as the most common reason for 
failure when using AIA as marker, especially in feeds with low natural AIA 
content. It was therefore concluded by Sales and Janssens (2003) that AIA 
presents a reliable marker with several advantages that could be successfully 
utilized to determine faecal digestibility in animal species under certain 
circumstances, and with the application of some precautions. However, the 
literature  suggests that all the markers studied are suitable for digestibility  
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determination and each has its specific advantages and disadvantages but they 
should be selected very carefully depending on each particular situation. 
 
2.4 Collection techniques to measure digestibility 
Methods available to study the digestive processes in pigs have been extensively 
reviewed by Low (1977). In general, surgical insertion of a cannula (or cannulae) 
into the intestine(s) of pigs to allow continuous sampling of digesta from 
conscious animals has/have been used to assess digestion along the GIT (e.g., 
Braude et al., 1976; Ivan and Farrell 1976; Decuypere et al., 1977; Walker et al., 
1986; Szelenyi-Galatai et al., 1996; Reis de Souza et al., 2000). The cannulation 
technique is the most attractive method for use with pigs in terms of the lower 
variation in digestibility values. Practical aspects such as ease of handling and 
sampling, surgical trauma and animal stress, are also important and contribute to 
selection of the cannula technique as the most appropriate (Viljoen et al., 2000). 
The mode of sampling, and disruption to the digestive tract varies considerably 
with the type of cannulation used. 
 
2.4.1 Simple T-piece cannulation 
The simple T-piece cannulation procedure has been used extensively in ileal 
digestibility studies (Sauer and de Lange, 1992), possibly due to the 
comparatively minimal disruption of the GIT associated with cannula presence. 
These cannulae also allow repeated observations on the flow and composition of 
digesta at one or more gut sites to be made in conscious pigs over periods of 
weeks or months (Low, 1980). 
 
The procedure involves the surgical insertion of a "T" cannula into the ileum. 
Diets fed to simple T-piece cannulated pigs include a non-absorbed marker that is 
used to determine digestibility. This is done because the total digestive contents 
are not collected with this procedure.  
 
This procedure allows multiple collections from the same pig. A number of 
different diets can be fed, usually in a Latin Square experimental design, and 
generally without blockages. During this procedure, the digestive tract is 
maintained in a normal state because the small intestine is not cut. However,  
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digestibility values obtained from simple T-piece cannulated pigs could be 
flawed. Since the total digestive contents are not collected, this procedure relies 
on the marker behaving as the diet does in the digestive tract. Sometimes, this is 
not the case. It is important to keep in mind, however, that with proper care and 
management of the pigs and proper diet mixing, these problems can be 
minimized. Therefore, this procedure is used extensively in digestibility research 
(Albin et al., 1999). 
 
2.5 Fate of nutrients and blood metabolites with fat supplementation 
2.5.1 Nutrient absorption, digestibility and transport 
The influence of dietary fat on nutrient transport functions and absorption has 
been extensively studied in broiler chickens (Ferrer et al., 2003). The intestine of 
the chicken is capable of high rates of nutrient absorption (Ferrer et al., 2003). 
However, although several studies have examined the effects of fat 
supplementation on intestinal function in rats, very few studies have been done in 
pigs. The chicken study by Ferrer et al. (2003) demonstrated that dietary fat 
strongly affected the membrane in the jejunum and the nutrient transporters. The 
authors believe this is responsible for changes in nutrient uptake. A trial 
conducted by Bush et al. (2001) investigated the effect of dietary fat on nutrient 
disappearance in horses. The results suggested that fat supplementation did not 
affect nutrient disappearance.  
 
Jones et al. (1992) reported greater digestibility
 of N and GE when fat was added 
to diets for weanling pigs compared
 with a non-fat control. Asplund et al. (1960) 
reported greater
  digestibility of N with fat inclusion in the diet. These 
investigations suggested
 that increased digestibility of N was related to longer 
transit
 time through the intestines when fat was added to the diets. Berschauer 
(1984) showed apparent digestibilities of crude protein in piglets fed 7% added 
fat was higher than in corresponding control groups. However, data from a study 
by De Rouchey et al. (2004) do not support those proposed
 effects of fat on 
improved digestibility of other nutrients, where no differences in apparent 
digestibility of DM, N, or GE were observed among pigs fed control and fat
 
added treatment (6% choice white grease).
 Cho et al. (2008) investigated the 
effects of fat type and level on apparent total tract and ileal nutrient digestibilities  
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in pigs. It was concluded that mono-diglycerides could increase apparent total 
tract nutrient and apparent ileal nutrient digestibilities of DM, GE, N and crude 
fat (Cfat). Brooks (1967) added soybean oil (10% level) to diets of grower pigs 
and demonstrated increases in digestibility of fat, however, digestibility of other 
components (protein, fibre and dry matter) were not affected. In contrast, Lewis 
et al. (2000) demonstrated significant increases in ileal digestibility of DM and 
energy and increases (not significant) for CP when grower pigs were fed 10% fat 
compared with a basal diet. 
 
The intestine adapts in response to internal and external environmental changes 
(Drozdowski et al., 2007). The
 adaptation process modifies intestinal fluidity and 
permeability, as
 well as carrier-mediated transport. Dietary modifications induce
 
intestinal adaptation and nutrient absorption. A combination of supplemented fat 
(for example; 50% soybean oil and 50% coconut oil) tended to increase villus 
height compared with pigs fed no supplemental fat (Li et al., 1990) agreeing with 
Drozdowski et al. (2007), that fat does adapt and modify the intestinal 
environment. 
 
A number of lipid related consequences on intestines are evident in the literature. 
Thompson (1989) reported consequences of intestinal malabsorption. Fat 
malabsorption may result in abnormalities of lipoprotein concentration and 
composition and can lead to deficiencies in essential fatty acids and fat-soluble 
vitamins. It has been shown that dietary lipids can indirectly affect rates of 
glucose transport, perhaps by altering the membrane environment and 
purportedly the functional properties of the transporters, as well as other integral 
proteins (Brasitus et al., 1989; Proulx, 1991). Houpe et al. (1997) demonstrated 
that dietary lipids influenced intestinal brush border membrane fatty acid 
composition and rates of glucose transport. Houpe et al. (1997) could not exclude 
the possibility that dietary lipids could induce changes in transporter site densities 
and/or the physical characteristics of membranes in which the transporters may 
reside. 
 
2.5.2 Blood metabolites  
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Type and amount of dietary fat modifies pig plasma and lipoprotein lipid 
composition (Faidley et al., 1990; Luhman et al., 1992). Dagnelie et al. (1993) 
investigated possible mechanisms by which dietary fat (in the form of fish oil) 
might reduce blood TAG levels. Groups of human subjects supplemented their 
diet with differing amounts of fish oil (up to 30g/d). Blood concentrations of 
TAGs and free fatty acids (FFA) were significantly reduced after only one day of 
fish oil supplementation. There were no significant changes in levels of insulin, 
glucose or ketone bodies. Sambrook and Rainbird (1985) tended to agree that 
dietary fat did not affect plasma glucose or insulin concentrations. However, after 
fish oil, free fatty acids levels were significantly correlated with levels of ketone 
bodies and triacylglycerols. In a separate study conducted by Vidon et al. (2001), 
glucose and insulin concentrations in the blood of humans were significantly 
higher after a high fat diet but also measured cholesterol and found that 
concentrations of total cholesterol were higher after the high fat diet had been fed. 
Unlike Vidon et al. (2001), Ostrowska et al. (2002) found no difference in plasma 
glucose in pigs consuming either 2.5 or 10% supplemental fat. Likewise, 
Sambrook and Rainbird (1985) found that dietary fat content (3 versus 16%) had 
no effect on plasma insulin. The results in the Vidon et al. (2001) study for TAG 
differed to those of Dagnelie et al. (1993) in that plasma TAG concentrations did 
not differ significantly between the low fat and high fat diets. Plasma TAGs are 
generally increased when dietary fat is increased (Ostrowska et al., 2002; Liong 
et al., 2007). Allee et al. (1971) reported that the addition of 13% beef tallow to 
the diets of pigs doubled the concentration of plasma fatty acids. This was backed 
up with a study by De Schrijver et al. (1991), which determined that feeding fish 
oil-derived free fatty acids to rats tended to increase plasma triglyceride content. 
Clemente et al. (2003) found that the physical structure of fat-rich foods (milk, 
cheese, butter) had no major effect on plasma  triglyceride concentrations; 
however, there was a significant influence on the timing of the triglyceride peak 
in plasma.  
 
2.6 Benefits of fat inclusion in pig diets 
The traditional use of fat within the pig industry is to include higher levels in the 
early growth stages and reduce levels as the pig progresses to market weight to 
avoid excess carcass fatness (Campbell, 2005). It is known that the young pig has  
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a lower digestibility of fat, which improves as the pig grows and matures. These 
observations require further exploration but the elimination, or perhaps even 
lowering, of fat levels in the finishing phase may be contradicted. It is becoming 
clearer that increasing the energy density above that in a traditional diet improves 
growth performance and profitability of finishing pigs (Lopes-Bote et al., 1997; 
Boyd and Johnston, 1997; Campbell, 1997; Baudon et al., 2003; Apple et al., 
2004; Collins et al., 2009b). This is especially evident in modern genotypic pigs 
raised in commercial production. Fat is the only practical ingredient to 
accomplish such performance (Campbell, 2005). According to the NRA Swine 
Page (2006) and Cromwell (2006), there are a number of benefits to feeding 
animal fats to pigs. These benefits are listed below: 
 
1.  Animal fats are added to rations as a source of energy. Digestible fat 
contains 2.25 times the energy as a typical carbohydrate, such as the 
starch in grains. The high caloric value increases the rations energy 
density; 
2.  Fat supplies EFAs, which are necessary to optimise animal performance; 
3.  Increased weight gain and improved feed efficiency; 
4.  Animal fats generally improve absorption of fat-soluble compounds and 
increase vitamin stability; 
5.  Added animal fat often improves rations by reducing dustiness and 
increasing palatability and feed intake. Since pig shed “dust” is mostly 
“feed dust”, animal fat can play an essential role in improving air quality 
in pig confinement facilities. Studies by Duxbury-Berg (1999) showed 
that adding 5% tallow to growing-finishing rations resulted in a 50% 
reduction in aerial dust levels in confinement facilities regardless of 
temperature; 
6.  During high temperatures, pigs consuming a ration containing animal fat 
remain cooler and more comfortable, thus improving performance. The 
decreased heat increment of an animal fat-supplemented ration results in a 
greater percentage of nutrients available for tissue synthesis; 
7.  Animal fats have a lubricating value on milling machinery and delivery 
trucks, resulting in longer-lasting and cleaner equipment; 
8.  Added animal fat helps prevent constipation;  
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9.  Fat supplemented rations increase the survival rate of pigs smaller than 4 
kilograms at birth or in litters with less than a 50% pre-weaning survival 
rate. 
 
2.6.1  Fat  as an energy source: type(s) and level(s) of fatty acids used in 
commercial pig production 
The lipids in feedstuffs commonly consumed by pigs consist mainly of neutral 
fats, specifically triglycerides (Stahly, 1996). Supplemental fat sources 
commonly used in pig diets include animal fats (tallow, greases), vegetable oils 
(corn, soybeans), restaurant greases (spent oils and greases), and commercial 
blends (mixtures of vegetable oil, animal fats, restaurant grease).  
 
The Agricultural Research Council (1981) suggested that fatty acid requirements 
are 3 % of dietary DE for pigs up to 30 kg and 1.5% of dietary DE from 30 – 90 
kg. These are  equivalent to approximately 1.2 and 0.6% of the total diet. 
Christensen (1985) reported that for maximum performance and efficiency of 
feed utilisation, pigs weaned at 5 weeks of age and raised to 100 kg BW required 
a dietary linoleic acid content of 0.2% of GE, or about 0.1% of the total diet. This 
level of linoleic acid is usually present in diets based on commonly used cereal 
grains and protein supplements. Enser (1984) reported normal growth in pigs 
from weaning to slaughter weight when they were fed diets containing only 0.1% 
linoleic acid. Therefore, the addition of fats is as an energy source, which is 
discussed later in the review.  
 
The primary contribution of fat for pigs is that it serves as a concentrated source 
of an energy-yielding ingredient. The response of pigs to dietary fat additions 
largely depends on feed intake level, digestibility of the fat source, and the 
efficiency of utilisation of the fat for body maintenance and tissue growth (i.e., 
muscle and fat) (Stahly 1996). In an investigation by Collins et al., (2009a), daily 
energy intakes increased by 2.8% over the entire experiment period when pigs 
were offered the high fat feeding strategy compared to the control feed strategy 
(Table 2.3). The energy value of fats is difficult to determine, because of the 
interactions between SFA’s and UFA’s as discussed earlier in the review. The 
apparent metabolizable energy value of lipids varies in the same way as their  
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digestibilities because the interactions between lipid and fibre digestibilities are 
moderate (Doreau and Chiliard, 1997). Irrespective of the method of 
measurement used for its estimation, the metabolizable energy content is between 
30 MJ/kg for saturated fats such as tallow and 40 MJ/kg for vegetable oils 
(Wiseman, 1994). The energy value is reduced, especially for fats rich in SFAs, 
when the level of inclusion fat increases (Stahly, 1984). Table 2.4 demonstrates 
various fat and oil sources and their characteristics and energy values. 
 
Table 2.3 The effect of finisher feeding strategy on daily digestible energy 
(DE) intake. 
Feeding Strategy  A  B  C  D  E  F 
DE day 0-21 (MJ/kg 
diet) 
13.8  14.0  13.8  14.0  13.8  13.8 
DE day 21-42 
(MJ/kg/d) 
13.8  14.0  13.8  13.8  14.0  13.8 
Daily feed intake 
day 0-21 (kg/d) 
2.24  2.29  2.19  2.26  2.21  2.22 
Daily feed intake 
day 21-42 (kg/d) 
2.61  2.63  2.58  2.54  2.64  2.66 
Daily energy intake 
day 0-21 (MJ 
DE/day) 
30.91  32.06  30.22  31.64  30.50  30.64 
Daily energy intake 
day 21-42 (MJ 
DE/day) 
36.02  36.82  35.60  35.05  36.96  36.71 
Average daily 
energy intake (MJ 
DE /day) day 0-42 
33.47  34.44  32.91  33.35  33.73  33.67 
Feeding Strategies: 
A: control finisher diet fed for 6 weeks 
B: high fat diet fed for 6 weeks 
C: high NDF diet fed for 6 weeks 
D: high fat diet fed for 3 weeks followed by the high NDF diet fed for 3 weeks 
E: high NDF diet fed for 3 weeks followed by the high fat diet fed for 3 weeks 
F: Constant DE strategy in which the control diet was fed for 3 weeks followed by a high 
fat and high fibre diet (same DE as control diet) for the final 3 weeks. 
The high fat diet contained 5% added fat (tallow)   
Source: Collins et al. (2009a).  
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Table 2.4 Characteristics and Energy Values of Various Sources of Fats and Oils (data on as-fed basis) 
a,b          Energy Content (kcal/kg) 
Type 
of 
Lipid 
≤C10  C12:0  C14:0  C16:0  C16:1  C18:0  C18:1  C18:2  C18:3  ≥C20  Total  
Sat. 
Total 
Unsat. 
U:S 
ratio 
Total 
SN-6 
Total 
SN-3 
DE
c  ME
d  NE
e 
Animal 
Fats 
                                   
Beef 
Tallow 
0.0  0.9  2.7  24.9  4.2  18.9  36.0  3.1  0.6  0.3  52.1  47.9  0.92  3.1  0.6  8000  7680  4925 
Choice 
White 
Grease 
0.2  0.2  1.9  21.5  5.7  14.9  41.1  11.6  0.4  1.8  40.8  59.2  1.45  11.6  0.4  8290  7955  5095 
Lard  0.1  0.2  1.3  23.8  2.7  13.5  41.2  10.2  1.0  1.0  41.1  58.9  1.44  10.2  1.0  8285  7950  5100 
Poultry Fat  0.0  0.1  0.9  21.6  5.7  6.0  37.3  19.5  1.0  1.2  31.2  68.8  2.20  19.5  1.0  8520  8180  5230 
Restaurant 
Grease 
-  -  1.9  16.2  2.5  10.5  47.5  17.5  1.9  1.0  29.9  70.1  2.34  17.5  1.9  8550  8205  5245 
Fish Oils                                     
Anchovy  -  -  7.4  17.4  10.5  4.0  11.6  1.2  0.8  30.3  34.6  65.4  1.89  1.3  31.2  8445  8105  5185 
Herring  -  0.2  7.1  11.7  9.6  0.8  11.9  1.1  0.8  45.6  22.8  77.2  3.39  1.4  17.8  8680  8330  5320 
Menhaden  -  -  8.0  15.1  10.5  3.8  14.5  2.1  1.5  29.5  33.3  66.7  2.00  1.5  25.1  8475  8135  5200 
Vegetable 
Oils 
                                   
Canola  0.0  0.0  0.0  4.0  0.2  1.8  56.1  20.3  9.3  3.6  7.4  92.6  12.46  20.3  9.3  8760  8410  5365 
Coconut  14.1  44.6  16.8  8.2  0.0  2.8  5.8  1.8  0.0  -  91.9  8.1  0.09  1.8  0.0  8405  8070  5160 
Corn  0.0  0.0  0.0  10.9  0.0  1.8  24.2  59.0  0.7  -  13.3  86.7  6.53  58.0  0.7  8755  8405  5360 
Cotton-
seed 
0.0  0.0  0.8  22.7  0.8  2.3  17.0  51.5  0.2  0.1  27.1  72.9  2.69  51.5  0.2  8605  8260  5275 
Olive  0.0  0.0  0.0  11.0  0.8  2.2  72.5  7.9  0.6  0.3  14.1  85.9  6.08  7.9  0.6  8750  8400  5360 
Palm  0.0  0.1  1.0  43.5  0.3  4.3  36.6  9.1  0.2  0.1  51.6  48.4  0.94  9.1  0.2  8010  7690  4935 
Peanut  0.0  0.0  0.1  9.5  0.1  2.2  44.8  32.0  -  6.4  17.8  82.2  4.63  32.0  0.0  8735  8385  5350 
Safflower  0.0  0.0  0.1  6.2  0.4  2.3  11.7  74.1  0.4  -  9.5  90.5  9.52  74.1  0.4  8760  8410  5365 
Sesame  0.0  0.0  0.0  8.9  0.2  4.8  39.3  41.3  0.3  0.2  14.8  85.2  5.73  41.3  0.3  8750  8400  5360 
Soybean  0.0  0.0  0.1  10.3  0.2  3.8  22.8  51.0  6.8  0.2  15.1  84.9  5.64  51.0  6.8  8750  8400  5360 
Sunflower  0.0  0.0  0.0  5.4  0.2  3.5  45.3  39.8  0.2  -  10.6  89.4  8.47  39.8  0.2  8760  8410  5365  
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a Dash indicates that no data were available,  
b The fatty acid data were obtained from Pearl (1995) of the Fats and protein Research Foundation and USDA Food Composition Stamdard Release 11 (1997). Values for 
fatty acid content do not always total 100% but represent means as obtained from various fat analysis conducted by gas-liquid chromatography. 
c Calculated by the following relationship (Powles et al., 1995): DE(kcal/kg) = (36.898 – (0.005 x FFA) – (7.330 x e
-0.906xU:S))/4.184 where FFA is the free fatty acid content in 
g/kg and U:S is the ratio of unsaturated-to-saturated fatty acids. In calculating DE, the free fatty acid concentrations of all fats were assumed to be 50 g/kg (or 5%). 
d Calculated as 96% of DE. 
 
e Calculated by Equation by Ewan (1989). Source: NRC (1998). 
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Campbell (2005) summarised that even very heavy pigs responded positively to 
higher energy diets and particularly the addition of fat. The results of Campbell 
(2005) showed that pigs offered diet with added fat (5% tallow) grew 10% faster, 
produced 2.7 kg more carcass and were 12% more feed efficient than those 
offered the control diet. Campbell (2005) confirmed data by Henman et al. (1999) 
using a range of genotypes and over live weight ranges from 45 through to 125 
kg. Unlike the results by Henman et al. (1999), in which the improvement in feed 
efficiency was proportional to the increase in dietary DE, the improvement in 
feed:gain reported by Campbell (2005) was some 5% better than the 
corresponding increase in formulated DE. Campbell (2005) suggested that the 
difference was likely due to the “extra caloric” value of fat suggesting that even 
small amounts of fat could have a marked effect on energy metabolism and the 
efficiency with which energy and possibly nutrients are absorbed/retained. The 
implications are potentially far reaching in terms of feed efficiency and certainly 
question current theories on diet formulation strategies for finisher pigs. For 
example, Campbell (2005) showed that adding fat to the diets offered to pigs 
from 50 through to 120 kg  increased returns over feed costs by as much as 
US$3.40/pig. The improvement in profit was associated largely with the effects 
of fat/higher energy diets on carcass weight and was affected by the cost of fat or 
higher energy ingredients and carcass price.  
 
The effects of added dietary fat levels from 0–9% (14.5-16.4 MJ DE/kg) on the 
growth rate of barrows with an initial weight of 46.8 kg offered feed ad libitum 
for 84 days in commercial housing was undertaken by Campbell (2003). It was 
shown that adding 9% fat to pig diets was not practical, although, growth rate 
increased with every increase in DE content up to 16.4 MJ DE/kg, further 
supporting the theory that in commercial situations, feed and energy intake are 
affected by factors other than the animal’s inherent energy demand. The use of 
higher energy diets could alleviate this constraint. 
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2.6.2 Animal performance 
Differences in the digestibility of various fats will potentially affect animal 
performance (Zollitsch et al., 1997). Addition of fat to the diet results in an 
increase in energy density, which reduces intake (NRC, 1987). Improved growth 
performance is likely a combination of the effects of dietary fat on reducing gut 
passage rate and (or) increasing digestibility of other nutrients, and the metabolic 
effects that result in increased net energy availability (Pettigrew and Moser, 
1991). Pettigrew and Moser (1991) summarised the effects of dietary fat on 
performance and carcass characteristics from over 90 studies and concluded that 
the increase in carcass fat was independent of whether the calorie:protein ratio in 
the diet was maintained. Earlier work (Allee, 1985) suggested that the effects of 
dietary fat could be offset if the calorie:protein ratio was maintained. However, 
the extra-caloric and extra-metabolic effects of dietary fat result in greater 
efficiency of digestion and energy retention, which most likely account for the 
increased carcass fat despite this adjustment (Azain, 2004).  
 
Small amounts of dietary fat have quite marked long-term  effects on energy 
metabolism. Campbell, 2005 surmised that it appeared to take some time for the 
metabolism of the pig to adjust to the removal of fat from the diet, with the pig 
continuing to eat as though on a higher energy diet, and consequently has a lower 
energy intake and grows more slowly. The effect tended to decrease with time 
however could last as long as seven weeks (Campbell, 2005). In support, Tokach 
et al. (1995) stated that further research was needed to understand the impact of 
individual ingredients or diet sequences on subsequent performance. The 
commercial implication of these findings is evident in Table 2.5, which shows the 
results of an experiment in which pigs weighing 15 kg were offered corn-soy 
based diets with 0, 2% or 4% added fat for 42 days and a common diet without 
added fat for 28 days thereafter. The addition of fat increased growth rate and 
weight at the end of the initial 42-day period. However, during the subsequent 
28-day period, growth rate and feed intake were negatively associated with fat 
level contained in the previous diet. The small live weight advantage by pigs 
offered the diets with added fat in period 1 was lost within 28 days once fat was 
removed from the diet. Feed efficiency in the second period was not affected by 
the amount of fat added to the diets in the first period.  
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Table 2.5 Growth performance of pigs (initial live weight = 15 kg) that were 
offered corn-soy based diets with or without added fat for 49 days and a 
common diet without fat for 28 days thereafter. 
  Added fat (%) from 0-49 
days 
 
 
  0  2  4  Significance * 
0-49 days         
Weight (kg)  44.4  44.7  45.9  Lin P<0.10 
Daily Gain (g)  663  677  691  Lin P<0.10 
Feed Intake (kg/d)  1.32  1.29  1.26  Lin P<0.10 
Feed:Gain  1.99  1.92  1.84  Lin P<0.05 
50-77 days         
Weight (kg)  67.3  66.5  66.4  NS 
Daily Gain (g)  795  727  718  Lin P<0.05 
Feed Intake (kg/d)  1.98  1.91  1.83  Lin P<0.05 
Feed: Gain  2.53  2.54  2.54  NS 
*Linear effect; NS, not significant (P>0.10) 
Source: Campbell (unpublished data) 
 
These results suggest that the usual means by which fat is used in pig diets might 
not be the most cost effective. Results from Baudon et al. (2003) showed that 
when fat was fed for the first period (early finishing), ADG was improved by up 
to 9%, which correlates with the results of Campbell (2005). When fat was then 
fed in the second period (late finishing) as well as the first period by Baudon et 
al. (2003), feed intake was less and overall ADG and FCR were improved by the 
inclusion of fat. Myer and Combs (1991) demonstrated that supplementation of 
3% fat resulted in a 5.8% improvement in FCR, however the fat addition did not 
affect dry matter or energy digestibility. The greatest response came from the 
inclusion of fat in both grower and finisher phases. Collins et al. (2009a) showed 
improvements in feed efficiency (3.7%) and ADG (5.1%) over the entire 6-week 
experimental period with a high fat feeding strategy. Apple et al. (2004), 
however, concluded that inclusion of fat into swine diets had no (P  ≥ 0.3 5) effect 
on ADG, ADFI, or FCR during the grower or finisher phases, regardless of fat 
source. 
 
Concerns have been raised regarding negative carry-over effects of feeding 
additional fat (Campbell, 2005). However the literature generally confirms that  
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fat addition to diets for finishing pigs improves growth performance. However, 
adding fat for only the first or second part of the finishing phase is less effective 
than adding fat for the entire grower/finisher period (Baudon et al., 2003). 
Campbell (2005) suggested that one strategy might be to use little or no fat in 
diets fed to young pigs, and to increase the level of added fat with age and 
weight. It is believed that this would prevent negative carryover effects on 
subsequent feed intake and growth rate, and more effectively, match dietary DE 
level to the increasing physical and other environmental constraints to feed intake 
faced by pigs in commercial sheds. The worst-case scenario would seem to be 
one in which fat was removed from the diet after feeding diets containing added 
fat. If fat is included in the diet at the start, it should be maintained (Campbell, 
2005). Philpotts et al. (2008) suggested that feeding high fat diets has the greatest 
impact on growth performance during the initial 14 days of feeding. This 
investigation found that during this time there was a substantial increase in 
growth performance and an improvement in feed efficiency with the higher 
concentrations of dietary fat. Weber et al. (2006) reported similar findings, 
suggesting that feeding 5% choice white grease or beef tallow to finisher pigs 
(59–111 kg) would improve feed efficiency, particularly during the initial 14 days 
of feeding, with the response reduced during weeks 2 –  6. In this same 
investigation, there was no improvement in feed efficiency during the final 14 
days of the experimental period (weeks 6 to 8). This tends to agree with the study 
by Philpotts et al. (2008), which concluded the growth performance benefits of 
feeding high fat finisher diets were reduced when the pigs were also fed grower 
diets containing supplemental fat. However, offering supplemental fat in the 
grower period and then removing it in the finisher period had a greater negative 
effect of carcass weight than if the fat had remained in the diet.  Campbell (2005), 
suggested that if fat is included in the diet at the start, it should be maintained. 
 
An earlier study by Coffey (1999) concurred with the findings of Campbell 
(2005) by stating that growing pigs had consistently shown improved feed 
efficiency when fat was added to the diet. Campbell (2005) suggested that a 
possible explanation for the improved efficiency when supplemental fat was fed 
may have been due to the ability of the finisher pig to utilise fat more efficiently 
for lipogenesis. However, Coffey (1999) explained that there is a level above  
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which added fat can reduce feed intake to the point that dietary intake of other 
nutrients such as protein, vitamins, or minerals becomes inadequate. Adding fats 
to diets that are marginal in concentration of protein or other nutrients, results in 
deficiencies and poor performance. Therefore, increasing other nutrients in the 
diet is essential when fat is included in the formulation (Coffey 1999). 
 
A proposed ‘rule of thumb’ is that a 1% increase in added fat should equate to 
approximately a 2% increase in feed efficiency/efficiency of growth (Campbell, 
2005). However, this improvement in efficiency of growth must be balanced 
against the likely increase in diet cost following the addition of fat. If prices are 
manageable, adding fat to the diet can potentially improve efficiency and 
economy of gain in pig production (Baudon et al., 2003; Collins et al., 2009a,b). 
Stahly (1996) stated that the economic value of dietary fat can be estimated from 
the impact of dietary fat additions on days required for pigs to reach market 
weight, the kilograms of feed required per pig and carcass merit (i.e., back-fat 
thickness or lean content). The magnitude of the response to added dietary fat is 
linear for diets containing 3 to 12% total fat. 
 
Collins et al. (2009a) suggested that incorporating 5% added dietary fat as tallow 
into commercial finisher diets improved growth performance, feed efficiency and 
net returns. Economically, this response was maximised when dietary fat addition 
was maintained for the entire finisher period. The cost-benefit analyses 
undertaken by Collins et al. (2009a) suggested that feeding high-fat diets for the 
entire finisher period provided the greatest net return per pig for both males and 
females. This result is similar to that reported by Collins et al. (2009b) and 
Philpotts et al. (2008) in which returns could be maximised by offering diets, in 
the finisher period,  containing dietary fat between 3 and 6%. The economic 
impact of such a feeding strategy will, however, depend on the genetic propensity 
for fat deposition and the pricing system in which the pigs are sold (Collins et al., 
2009b). 
 
According to Philpotts et al. (2008), increasing the supplemental fat concentration 
in finisher diets from 1% to 6% increased the cost of the diet by approximately 
AU$6.70 per tonne (2006 prices), and increasing the tallow content in the study  
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by Collins et al. (2009a) increased the diets cost by approximately AU$3.34 per 
tonne (2009 prices). The increase in diet cost, is however offset by the reduced 
feed intake required to achieve similar or greater live weight gain (Table 2.6). 
Philpotts et al. (2008) showed that increasing supplemental fat inclusion rates 
from 1% to 6% in commercial finisher diets could achieve reductions in the costs 
of production and increase the net return per pig by AU$4.17 (6% inclusion) for 
males and AU$1.47 (5% inclusion) for females. 
 
Table 2.6 Cost analysis of increasing supplemental dietary fat concentration 
for male finisher pigs over a 35-day period. 
Supplemental dietary 
fat (%) 
1  2  3  4  5  6 
ADI (kg/d)  2.37  2.43  2.44  2.35  2.31  2.3 
Feed Costs ($/t)  316.43  317.73  318.96  320.43  321.75  323.12 
Total feed intake (kg)  82.95  85.05  85.4  82.25  80.85  80.5 
Feed costs ($/pig)  26.25  27.02  27.24  26.36  26.01  26.01 
Live weight in (kg)  65.3  65.2  65.4  65.4  65.5  65.3 
Live weight final (kg)  97.27  98.94  99.82  98.77  98.5  99.65 
Live weight gain (kg)  31.97  33.74  34.42  33.37  33.00  34.35 
Cost/kg gain ($/kg)  0.821  0.801  0.791  0.790  0.788  0.757 
Cost saving (cents/kg)    2.00  2.96  3.12  3.27  6.38 
Carcass weight  74.9  76.9  77.0  75.9  76.4  77.3 
Return on carcass 
weight ($2.40/kg) 
179.76  184.56  184.8  182.16  183.36  185.52 
% pigs above 12mm 
back-fat 
5.56  10.19  13.22  11.34  7.52  14.86 
Discount for P2  1.04  1.96  2.54  2.15  1.43  2.87 
Income per pig  178.72  182.60  182.26  180.01  181.92  182.65 
Net Return  152.47  155.59  155.02  153.65  155.91  156.64 
$: in AU (Australian dollars).  
Source: Philpotts et al. (2008). 
 
As the literature above suggests, fats are relatively inexpensive in terms of 
energy:price ratio meaning that its use will improve the benefits to producers. In 
this context, fats have higher energy density which could lead to a higher energy 
intake. This higher energy intake could be linked to the fact that rations 
containing fats are more acceptable (Duran-Montgé, 2009). 
 
2.6.2.1 The influence of genotypes on animal performance when fed fat  
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Tokach et al. (1997) defined the effects of added fat on contemporary finishing 
pigs in commercial environments. Two important characteristics of these 
experiments differ from the studies reviewed earlier. First they were conducted 
with modern pigs, genetically leaner, and with lower feed intake. These 
characteristics made it more likely that the pigs would respond to the increased 
energy intake with increased growth rate. In addition, these high lean pigs were 
less likely to become fatter. Second, the  experiments were conducted in a 
commercial environment in which voluntary feed intake and growth rates are 
usually less than in the less stressful environments of research farms. The lower 
feed intake provided a favourable response to added dietary fat to be more 
consistent and of even higher magnitude. A lower heat increment of fat 
metabolism can be an advantage in warm environments in which feed intake is 
further compromised. 
 
The data from Tokach et al. (1997) were summarised for 25 experiments over 10 
years  and supported the hypothesis that the modern pig does respond more 
consistently and in greater magnitude to higher density diets. The same data 
verified the improved feed efficiency was associated with dietary fat additions. 
These data were extrapolated into very consistent favourable economic responses. 
An economic assessment model used an extra 4.76kg at market with 11.9 kg less 
feed to illustrate the effect of improved weight gain upon modern pig facilities. 
 
2.6.2.2 Effects of fat on carcass quality 
Carcass quality, in particular carcass fatness as measured at the P2 site, is an 
important consideration for maximising economic returns from any feeding 
strategy (Collins et al., 2009a). Previous studies (Weber et al., 2006; Philpotts et 
al., 2008) showed that feeding high-fat diets for five weeks during the finisher 
period could cause a significant increase in the percentage of animals with a P2 
greater than 12 mm (maximum carcass specification for a premium grade carcass; 
Collins et al., 2009b). However, the findings of Collins et al. (2009a) did not 
support the above observation, but instead suggested that animals offered a 
control diet compared animals offered a high fat diet displayed similar carcass 
P2. Interestingly, there was a tendency for the percentage of animals with carcass 
P2 greater than 12 mm to be reduced when the high fat diets were fed.  
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These results concur with Campbell (2005) in which it was suggested that the 
addition of fat to finisher diets in the USA has little impact on carcass fat given 
the lean genotypes, but rather by increasing dietary fat, percentage of lean tissue 
at slaughter is increased. An experiment conducted by Schinckel et al. (2000) 
showed the effects of dietary fat (tallow or choice white grease) on growth 
performance and carcass quality of a genetically lean population of gilts. The 
results revealed that feeding diets containing added fat increased production 
efficiencies and kilograms of pork produced. The addition of dietary fat to diets 
maximised, carcass weight gain without affecting percentage leanness in the 
carcass. 
 
It is well documented that the amount and fatty acid composition of diets 
influences carcass quality in pigs (Madsen et al., 1992). Goodband (1999) 
reported that carcass characteristics relating to pork  quality are not only the 
amount of fat but also the chemical characteristics of the adipose tissue. Pigs 
deposit fat very similar to the composition of dietary fat consumed. Therefore, 
pigs fed a diet high in UFA typically exhibit carcasses with what is referred to as 
“soft pork”. In a study by Nichols et al. (1991), increasing fat percentage in 
finisher diets decreased carcass firmness. Woodworth et al. (1999) observed that 
finishing pigs fed 6% fat had superficial stomach fat that was significantly less 
firm than pigs fed no added fat. It was suggested in the Goodband (1999) study, 
that for these reasons, feeding unsaturated fat sources should be minimised, or in 
the very least, the duration of feeding monitored. Data from Wiseman et al. 
(1993) suggested that it takes approximately 25–30 days to observe a shift in fatty 
acid profile. However, further research is required evaluating the effects of 
different feeding durations and sequencing strategies with predominately UFA 
versus SFA fat sources. 
 
When assessing carcass fat, adding fat/oil to gilt diets increased subcutaneous fat 
level for canola oil diets but not for tallow based diets (Dugan et al., 2003). These 
workers demonstrated that barrows fed a diet containing 5% canola oil deposited 
7.4% less subcutaneous fat than barrows fed a 2% canola oil diet. Dugan et al. 
(2003) also demonstrated that by adding fat/oil to gilt diets increased  
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subcutaneous fat levels for canola diets but not for the tallow based diets. Apple 
et al. (2004) showed that the carcasses of pigs fed 5% dietary fat, regardless of 
source, had significantly greater back-fat depths than carcasses from animals fed 
no added fat. Unlike Dugan et al. (2003), Apple et al. (2004) suggested that fat 
source had no effect on live performance or carcass composition of 
growing/finishing pigs however fat level did have an effect on back-fat depth. 
Øverland et al. (1999) evaluated the effect of high fat diets (10% added fat) for 
growing/finishing pigs. They confirmed that high fat diets improved growth 
performance with only minor negative effects on carcass quality. Dugan et al. 
(2003) proposed that fats and oils are not always alike in their effects on carcass 
composition and live performance. 
 
2.7 Conclusions 
Because pigs consume feed to meet their energy requirements, increasing the 
concentration of energy in the diet by adding fat, allows pigs to consume the 
same amount of energy even when food intake was reduced (Coffey, 1999). 
Supplemental fat likewise provides numerous other ancillary benefits and 
positive attributes to animal diets in addition to its energy contribution (Gary and 
Pearl, 2003;  Patience, 2009). Feed cost is the most important expense in pig 
production, and energy represents the greatest proportion of this cost. 
Accordingly, the energy density of the diet plays an important role. Therefore the 
affects of adding fat to finishing pig diets has been reviewed by many as evident 
in this review. The generalised results show that adding fat reliably increases 
energy intake and improves feed efficiency. In the majority of trials, growth rate 
was increased, as was back-fat thickness. Collins et al. (2009a) suggested that the 
addition of dietary fat to finisher diets consistently improves finisher growth rates 
and feed efficiency above that expected by the increase in energy content alone.  
 
This review also demonstrates that the effects of fat on pig metabolism and 
growth performance are a controversial topic. In the past, when one increased fat 
content of the diet, pigs responded by decreasing their feed intake. The literature 
cited suggests that this may not always be the case (especially in groups of pigs 
or current genotypes). It has also been suggested (Campbell, 2005) that once fat 
is eliminated from the diet, the pig has some metabolic “memory” that the fat had  
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been included in the diet at some stage. The most consistent response of adding 
animal fat to growing-finishing rations is a decline in feed intake, with a parallel 
improvement in feed efficiency. Recommended dietary levels of added fat are 3-
5%. Small amounts (2-3%) of added animal fat are known to have little effect on 
carcass composition however, at levels greater than 5%, too much back-fat is 
produced. The reasons for this are unclear, and further studies are needed to 
elucidate the causes and mechanisms. 
 
2.8 Objectives and hypotheses 
Studies which demonstrate the potential for supplemental fat in pig diets to 
improve performance, aid in the absorption of other nutrients, improve the pig 
industry economically and to help understand the effects of fat on the body as a 
whole have been reviewed. However, a greater understanding of supplemental fat 
and its action within the body is required to determine which type or fat and how 
much fat should supplement a grower/finisher pig diet.  
 
Based on the material presented in this review, the following objectives for my 
thesis are proposed:  
 
1.  Assess the effects of dietary fat supplementation (types and amounts) 
on pig performance by investigating production indices and carcass 
attributes in relation to blood metabolites; 
2.  Determine the effects of supplemental dietary fat (types and amount) 
on apparent ileal and total tract nutrient digestibility when fed 
concentrates containing varying amounts of tallow and oil.  
 
The general hypotheses to be examined in this thesis are: 
 
1.  Supplementing grower/finisher  diets with up to 8% added fat will 
improve FCR and growth performance without being detrimental to 
P2 back-fat thickness;  
2.  Feeding supplemental fat only in the finisher period will enhance 
measures of production and improve net financial returns, as no 
supplemental fat will be necessary in the grower period. However,  
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removing fat in the finisher period, if it was already present in a 
grower diet, will be detrimental to growth performance and net 
financial returns; 
3.  Supplemental fat will increase the digestibility of diet components, as 
rate of passage through the tract will be slowed due to intestinal 
inhibition. However, digestibility of UFA (canola oil) will be greater 
than digestibility of SFA (tallow). 
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CHAPTER 3 
 
EXPERIMENT 1: INCLUSION OF TALLOW AS A DIETARY FAT 
SOURCE IMPROVES AVERAGE DAILY GAIN AND CARCASS 
WEIGHT IN GROWER AND FINISHER PIGS 
 
3.1 Introduction 
Supplemental fat is routinely included in the diets of young pigs although it is 
generally removed with increasing weight to match the (perceived) declining 
need for higher energy diets as pigs grow, and to prevent excessive fat deposition 
during the finishing period (Campbell, 2005). The use of fat in diets for growing 
and finishing pigs has been reviewed extensively (e.g., Coffey 1983; Cera et al., 
1988; Li et al., 1990; Nichols et al., 199; Øverland et al., 1999; Young et al., 
2003; Campbell 2005), with Campbell (2005) reporting that for each 1% increase 
in added fat, there should be an approximately 2% improvement in feed 
efficiency. These data suggest that feeding the appropriate amount of 
supplemental fat at the appropriate stage(s) of growth is the optimal balance in 
enhancing overall pig performance. Nevertheless, any improvement in growth 
efficiency must be balanced against the likely increase in diet cost following fat 
addition. However, if the potential impact on carcass prices is manageable, 
adding fat to the diet could potentially improve efficiency and economy of gain in 
pig production (Baudon et al., 2003, Collins et al., 2009a, Philpotts et al., 2008).  
 
Previous studies have investigated pig performance and carcass composition to 
determine the influence of fat addition in growing-finishing diets (Apple et al., 
2004, Dugan et al., 2003, Young et al., 2003, Madsen et al., 1992, De la Llata et 
al., 2001). Recent results suggest that early positive effects on growth may be lost 
if fat is removed from subsequent diets and that, for reasons yet to be established, 
older pigs appear more responsive to supplemental fat than younger pigs 
(Campbell, 2005). Apple et al. (2004) reported, however, that inclusion of fat into 
pig diets had no effect on average daily gain (ADG), average daily feed intake 
(ADFI) or feed conversion ratio (FCR) during the grower finisher phases. There 
also is apparent concern regarding the long-term effects  of adding fat to 
grower/finisher pig diets. Campbell (2005) proposed that it takes some time for 
the pig to perceive that fat has been removed from the diet, and consequently it  
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has a lower energy intake and grows more slowly. The commercial implication of 
this finding is worrisome and negatively associated with the fat level contained in 
the grower diet, suggesting that the usual means by which fat is included in pig 
diets may not be the most cost-effective. Nevertheless, Øverland et al. (1999) 
demonstrated that high fat diets improved growth performance, with minor 
negative effects on carcass quality. Philpotts et al. (2008) demonstrated that 
feeding high fat diets for 5 weeks during the finisher period caused a significant 
increase in the percentage of pigs with a P2 greater than 12 mm (current 
maximum carcass specification for a premium grade carcass) (Collins et al. 
2009b). However, Collins et al. (2009a) compared pigs fed a control diet to those 
fed a high fat diet (5% added fat) and concluded that animals ingesting both diets 
displayed a similar percentage of pigs with a carcass P2 greater than 12 mm. 
Therefore, added fat did not have a significant effect on P2. In the same study, 
there was a tendency for the percentage of pigs with a carcass P2 greater than 12 
mm to be reduced (P=0.095) when the high fat diets were fed for a maximum 3 
week period when compared to the control pigs. These results are in agreement 
with Campbell (2005), who suggested that the addition of fat to finisher diets in 
the United States had little effect on carcass fat due to the lean genotypes used in 
that country. Instead, the increase in dietary fat increased loin depth and 
percentage lean at slaughter. 
 
Collectively, the studies conducted to date relating to adding fat to grower and/or 
finisher diets indicate that the findings are not consistent. One reason for this 
inconsistency could be the lack of recognition of the carry-over effects of added 
fat in the diet from one period of growth to another period, for example the 
grower-finisher period. The current study was therefore designed to characterise 
the carry-over effects, if any, of added fat in the grower period to the finisher 
period on performance, carcass quality, and the economy of gain, to ultimately 
develop the optimum feeding strategy for grower and finisher pigs. Possible 
physiological mechanisms that may have been responsible for the improvements 
in pig performance, when supplemental fat was included in grower and/or 
finisher diets were also studied. The potential for fats to alter fat metabolism and 
ultimately, utilisation has been well documented (Ostrowska et al., 1999; Ding et 
al., 2003; Gatlin et al., 2005), but whether these changes in fat metabolism,  
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absorption and utilisation are due to increased lipolysis (fat breakdown) or 
decreased lipogenesis (fat synthesis) are unclear (Ostrowska et al., 2002).  
 
The current experiment, therefore investigated the effects of dietary fat 
supplementation above the pigs predicted DE requirement by examining 
production indices in the pig. In addition, a number of blood metabolites and 
hormones were assessed to examine possible modes of action of the response to 
added dietary fat. The hypotheses examined were that: 
 
1.  Supplementing grower/finisher diets with up to 8% added fat would 
improve FCR and ultimately growth performance without being 
detrimental to carcass quality (P2 backfat thickness);  
2.  Feeding supplemental fat only in the finisher period would enhance 
production and lower costs, as no supplemental fat would be 
necessary in the grower period. However, eliminating fat in the 
finisher period, if already present in a grower diet, would be 
detrimental to growth performance; 
3.  The most efficient economic strategy for maximum growth 
performance may be to refrain from supplementing grower diets with 
additional fat and include supplemental dietary fat in the finisher 
period. 
 
3.2 Materials and methods  
This animal study was carried out in compliance with the Australian Code of 
Practice for the Care and Use of Animals and was approved by the Animal Ethics 
Committee of the University of Adelaide, Adelaide, South Australia. 
 
3.2.1 Animals and housing 
A total of 300 Landrace x Large White pigs (boars and gilts) were obtained from 
a high-health status commercial piggery (Roseworthy Piggery Pty Ltd., 
Roseworthy, South Australia, approximately 50 kilometres north of Adelaide). 
Pigs were selected at 5 weeks of age with an average individual weight of 10 ± 
0.23 kg (mean ± sem) and were group-housed in 3 rooms, with each room 
measuring 6.5 metres by 6.2 metres on partially slatted and partially concrete  
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flooring with natural ventilation in the University of Adelaide Roseworthy pig 
unit. Each room had 4 feeder access points and 4 individual nipple water 
drinkers. The pigs were fed a commercial weaner diet with no added fat (Table 
3.1) until body weight was approximately 30 ± 0.33 kg (mean ± sem). At this 
time 288 of the animals were randomly selected and allocated by weight and sex 
to diet treatments containing 0%, 4% and 8% added fat, (12 pigs per pen x 24 
pens) on entry into the finisher sheds. These finisher sheds had curtains either 
side and operated on natural ventilation. Each shed had partially slatted and 
partially concrete flooring and each pen was equipped with a self-feeder and two 
self waterers.   
 
3.2.2 Experimental design and diets  
The experiment was divided into an initial 5-week period (Period 1), followed by 
a final 5-week period (Period 2). Period 1 was designed to test for effects of (i) 
males versus females (ii) added dietary fat level (as tallow; 0 versus 4 and 8% of 
the diet), and (iii) within added dietary fat level (4 versus 8% fat). Period 2 was 
designed to test for the effects of not only the second 5 weeks but also over the 
entire 10-week period (Period 1 and Period 2). The effects of (i) males versus 
females (ii) added dietary fat level (as tallow; 0, 4 and 8% of the diet), and (iii) 
within added dietary fat level (4 versus 8% fat), were tested. In Period 1, there 
were 8 pens/diet (0, 4, 8% added fat), resulting in 96 pigs for each diet [48 
females (4 pens) and 48 males (4 pens) per dietary treatment]. Experimental diets 
were formulated based on wheat, barley, soybean meal, canola meal and peas 
(Table 3.1) and were offered on an ad libitum basis as a mash with water freely 
available. A common base mix was made including 8% starch and then each diet 
was derived by substituting tallow for starch, leaving all other components in 
fixed proportions and recognizing the changing protein:energy requirements as 
the animals grew to avoid confounding the added fat responses with protein 
deficiency. In Period 2 there were 12 pens per diet (0, 4% added fat), however, 
Period 1 diet consumption was included as a factor (either 0% or 4 and 8% fat) 
resulting in 72 pigs for each diet [36 females (3 pens) and 36 males (3 pens) per 
diet] (Table 3.2).  
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Table 3.1 Composition and analyses of the experimental diets (% of the diet as fed). 
Ingredient  Weaner  Control 
(0% added fat) 
Low Fat 
(4% added fat) 
High Fat 
(8% added fat) 
Barley  0  35.37  35.37  35.37 
Wheat  65.27  22.00  22.00  22.00 
Peas  10.00  20.00  20.00  20.00 
Soybean Meal  10.00  2.17  2.17  2.17 
Canola Meal  0  6.00  6.00  6.00 
Fish Meal  6.70  0  0  0 
Meat Meal  5.00  2.14  2.14  2.14 
Bloodmeal  1.70  2.00  2.00  2.00 
Choline Chloride  0.05  0  0  0 
Salt  0.20  0.20  0.20  0.20 
Limestone  0  0.96  0.96  0.96 
L-Lysine  0.10  0.11  0.11  0.11 
DL-Methionine  0.03  0.09  0.09  0.09 
Phytase*  0.01  0  0  0 
HP Weaner**  0.20  0  0  0 
L-Threonine  0.04  0.06  0.06  0.06 
Grower Premix
A  0  0.20  0.20  0.20 
Rovabio 
Premix*** 
0.05  0  0  0 
Wheat Starch  0  8.00  4.00  0 
Tallow-mixer  0  0  4.00  8.00 
Analysed Composition (%) 
Crude Protein  23.0  22.0  21.9  21.9 
Moisture  9.4  8.2  7.8  8.3 
Crude Fat  2.92  2.25  6.20  10.17 
GE (MJ/kg)  17.06  16.77  17.73  18.52 
Calculated Composition (%) 
Crude Fibre  2.92  4.36  4.36  4.36 
Crude Protein  21.64  17.29  17.29  17.29 
Crude Fat  2.96  2.37  6.32  10.28 
DE, MJ/kg  14.5  13.5  14.3  15.2 
Total Lysine  1.38  1.03  1.03  1.03 
Avail. Lysine  1.20  0.88  0.88  0.88 
Avail. Lysine: 
DE ratio g/MJ DE 
0.82  0.65  0.61  0.58 
Methionine  0.42  0.31  0.31  0.31 
Threonine  0.88  0.69  0.69  0.69 
Tryptophan  0.25  0.19  0.19  0.19 
ASupplied per kg of diet: 75g Fe (FeSO4); 20g Cu (CuSO4); 40g Mn (MnO); 100g Zn (ZnO); 
200mg Se (Na2SeO3); 1g I (KI); 250mg Co (CoSO4); vitamin A, 10 MIU; vitamin D3, 2MIU; 
vitamin E, 50g; vitamin K, 1.8g; thiamine, 1.5g; riboflavin, 6g; pyridoxine, 3g; vitamin B12, 
25mg; pantothenic acid, 11g; folic acid, 750mg; niacin, 20g and biotin, 100mg. 
* Phyzyme® Danisco Animal Nutrition, Marlborough, UK. 
**  HP weaner (Lienert Australia Pty Ltd.) 
*** Rovabio (Enzyme complex) 
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3.2.3 Animal measurements 
Measurements of live weight, ADG, ADFI, FCR and P2 were conducted at the 
beginning, and at 14-day intervals throughout the experimental period. Live 
weights were measured using pen weights and an average pig live weight was 
calculated on the outlined days of measurement. Back fat levels were measured 
ultrasonically at the P2 position, which is 65mm down the left side from the 
midline, at the level of the head of the last rib, by an experienced operator using a 
hand-held digital, back-fat indicator (Renco Lean-meter ®). The procedure was 
performed with the pig standing. Pigs were led into a weigh crate, however, no 
restraint was needed as the pigs stood quietly. 
 
Table 3.2 A description of the diets fed during Period 1 and Period 2. 
Period 1 (Grower)  Period 2 (Finisher) 
n = 4 
(0% = 8 pens) 
(4% = 8 pens) 
(8% = 8 pens) 
n = 3 
(0% - 0% = 6 pens) 
(4 & 8% - 0% = 6 pens) 
(0% - 4% = 6 pens) 
(4 & 8% - 4% = 6 pens) 
Control (0% added fat) 
Standard grower/finisher 
diet 
 
Male 
Control (0% added fat) 
Standard grower/finisher 
diet 
 
Male 
Female 
4% added fat (tallow) 
Male 
Female 
Female 
8% added fat (tallow) 
Male 
4% added fat (tallow) 
Male 
Female  Female 
n is the number of pens per diet and sex. 12 pigs were allocated to each pen 
 
All experimental animals were slaughtered at a commercial abattoir at the end of 
the 10-week trial. The pigs were transported ~1.5 h to the abattoir where they 
underwent carbon dioxide anaesthesia and subsequent exsanguination. Carcass 
weight and depth of back fat at the P2 site were measured on the slaughter line  
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using a Hennessy Grading Probe 4 (Hennessy Grading Systems Limited, 
Auckland, New Zealand). All pigs were slaughtered on the same day. 
 
A blood sample was collected every two weeks (0, 2, 4, 6, 8, 10) from five 
‘focus’ pigs per pen (the same pigs each two weeks were used for consistency).  
Pigs were restrained
 with a snare and blood samples were collected via jugular 
venipuncture using a 1.5” x 18G needle.
 Blood samples were collected into 10-
mL sterile vacutainer tubes. All samples were collected within 1 to 2 min of the
 
pig being snared. Blood samples were then immediately placed
 on ice until they 
were centrifuged (650 x g for 15 min)
 at 0 to 5°C within 2 h of sampling. The 
serum was pipetted into plastic vials and frozen
 at –80°C until analysis. These 
samples were later
 analysed for insulin levels and markers of fat metabolism as 
described in section 3.2.6. 
 
3.2.4 Chemical analyses  
Crude protein (CP) analysis was conducted at the Waite Analytical Services, 
School of Agriculture, Food and Wine, University of Adelaide, South Australia. 
The CP content was determined using the total combustion gas chromatograph 
(Dumas) method by first determining the nitrogen (N) content and using a 
conversion coefficient of N to protein of 6.25. The carbon and hydrogen in the 
compound were oxidised to CO2 and H2O respectively, while N was released 
free. Any oxide of N produced during this process, was reduced back to free N by 
heated copper gauze. The gaseous mixture consisting of CO2, H2O and N2 was 
collected over an aqueous solution of KOH. All the gases except N were 
absorbed by the solution. The volume of N collected was measured. From the 
volume of N obtained the percentage of N in the compound was calculated. 
 
Gross energy (GE) analysis was conducted at the South Australian Research and 
Development (SARDI), Pig and Poultry Production Institute (PPPI), University 
of Adelaide, Roseworthy  Campus, Roseworthy, South Australia. GE was 
determined using the adiabatic bomb calorimetry method. A sample of the 
material was weighed into a combustion capsule that was then placed in an 
oxygen bomb containing 25-30 atmospheres of oxygen. The oxygen bomb was 
covered with H2O in an adiabatic calorimeter. After the bomb and calorimeter  
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were adjusted to the same temperature, the sample was ignited with a fuse wire. 
The temperature rise was measured under adiabatic  conditions. From the 
hydrothermal equivalent of the calorimeter time the temperature rise minus some 
small corrections for fuse wire oxidation and acid production, the caloric content 
of the sample was calculated. 
 
Dry matter (DM) analysis was conducted at the South Australian Research and 
Development (SARDI), Pig and Poultry Production Institute (PPPI), University 
of Adelaide, Roseworthy Campus, Roseworthy, South Australia. DM was 
determined by placing washed and dried, numbered crucibles in the dry matter 
oven for 2 hours at 100°C. 
 
Crucibles were removed from the oven and placed in a desiccator for 1 to 2 
hours. Crucibles were removed from the desiccator, weighed and their weight 
was recorded (= crucible weight). The diet was then weighed (approximately 2 
grams) into the tared crucible (= sample weight). Crucibles were placed in oven, 
set at 100 C, for 6 hours or overnight. Crucibles were removed from oven and 
placed in a desiccator for two hours. Crucibles were weighed ( = dry sample 
weight + crucible weight). 
 
Calculation of % dry matter: 
 
Dry matter % = 
weight Sample
ight Cruciblewe weight crucible weight sample Dry − + ) (
  100 
 
Crude fat (CF) analysis was performed by Waite Analytical Services, School of 
Agriculture, Food and Wine, University of Adelaide, South Australia. CF was 
determined by weighing feed ingredients (0.5g) and experimental diets (0.3g) and 
transferring into labelled Kimble glass tubes. Samples were then ground finely 
using the Polytron homogenizer (Kinematica PT 2000 fitted with a Kinematica 
PTA7 Aggregate, Switzerland) in 2mL of cold isotonic saline (0.9% sodium 
chloride).  Prior to extraction, samples were hydrolysed in 1.5ml of 3M 
hydrochloric acid at 80°C for one hour. Chloroform/methanol (2:1, v/v) was used 
to extract total lipids. Samples were mixed thoroughly with methanol (3mL) and  
 
54 
allowed to stand for 5 minutes. Chloroform (6mL) was added, and the glass tubes 
were shaken vigorously. After standing for 5 minutes at room temperature, the 
tubes were centrifuged at 1559g for 10 minutes (Heraeus Sepatech, Hanau, 
Germany) in order to separate the aqueous and organic phases. The organic phase 
in the bottom chloroform layer containing fat was transferred and placed into a 
labelled 20mL scintillation vial using a 22.86cm disposable glass Pasteur pipette, 
and then evaporated to dryness under a stream of nitrogen. The resulting fat 
obtained was weighed and calculated.  
 
Calculation of Crude Fat: 
 
Total fat (%) = 
) (
) (
g weight Sample
g weight fat
  100 
 
3.2.5 Blood analyses 
All blood analyses were conducted at The Research Centre for Reproductive 
Health, Discipline of Obstetrics and Gynaecology, University of Adelaide 
Medical School, Adelaide, South Australia. 
 
Insulin levels in plasma were determined using a commercially available 
radioimmunoassay kit specific for porcine insulin (Linco, Abacus ALS). Standard 
(100 µl) and unknown (100 µl) plasma samples were pipetted into tubes, 
125I-
insulin (100 µl) and then 100 µl of antibody were added and allowed to incubate 
on a shaking rack for 2 hours at room temperature.  Double antibody suspension 
(2 ml) was then added and allowed to incubate for a further ½ hour at room 
temperature. Samples were centrifuged for 10 minutes at 1500g. Tubes were then 
decanted and left inverted on absorbent paper for approximately 10 minutes, 
being careful not to dislodge the pellet at the bottom of  the tube.  The 
radioactivity of the pellet was determined using a gamma counter. The mean 
coefficient of variation was less than 8.3%. 
 
Plasma glucose levels were performed with a Hitachi 912 automated sample 
system using the Glucose HK assay kit, with the C.F.A.S.  (Calibrator  for 
automated system) and quality controls: Precinorm U and Precipath U (Roche  
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Diagnostics, NSW, Australia). The mean coefficient of variation was less than 
3.3%. 
 
Plasma free fatty acids levels were performed with a Hitachi 912 automated 
sample system using the NEFA-C Free Fatty Acid assay kit (Wako, Japan, 
through NovoChem, Australia) and quality controls: QCS 1 and 2 (Bio-Rad, 
Australia). The mean coefficient of variation was less than 4.6%. 
 
Plasma triacyglycerol contents were determined using a Hitachi 912 automated 
sample system using the Triglyceride assay kit, with the C.F.A.S. (Calibrator for 
automated system) and quality controls: Precinorm U and Precipath U (Roche 
Diagnostics, NSW, Australia). The mean coefficient of variation was less than 
3.0%. 
 
3.2.6 Cost-benefit analyses 
The cost-benefit analyses of the finisher feeding strategy were assessed separately 
for both male and female pigs. Diet costs used in these analyses were based on 
feed prices in Australia when the project was undertaken (2007). The cost per kg 
gain was determined for each of the strategies based on ADFI, feed costs and 
live-weight gain over both periods (grower and finisher phases). Return on 
carcass weight assumes a carcass price of AU $2.50/kg, while the price penalty 
for a P2 above 12 mm was assumed to be AU 25c/kg. The net return represents 
the return on carcass weight minus the P2 price penalty and the total feed costs. 
The net return in margin is compared to the control (0% added fat in both 
periods). 
 
3.2.7 Statistical analyses 
All statistical analyses were performed using GenStat (11
th  Edition,  VSN 
International Ltd, Hemel Hempstead, UK). Statistical significance was accepted 
at P<0.05. Data from Period 1 were analysed by ANOVA for the effects of sex 
(gilts versus boars), added dietary fat level (0 versus 4 and 8% fat), and within 
added dietary fat level (4 versus 8% fat), and all possible interactions. Data from 
Period 2 and over the entire 10-week period were analysed for sex (gilts versus 
boars), added dietary fat level (0 versus 4 and 8% fat), and within added dietary  
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fat level (4 versus 8% fat) during Period 1 and between added dietary fat level (0 
versus 4% fat) during Period 2. In virtually all cases there were no significant 
within-dietary-fat effects during Period 1, and hence the data were pooled for 
interpretation. Since there were no significant sex effects on initial weight 
(P=0.15), live weight and carcass weight were analysed using initial live weight 
as a covariate.  
 
Metabolite and insulin data were analysed by the residual maximal likelihood 
(REML) method suitable for repeated measures with the fixed effects being level 
of fat, week, sex and their interactions and pen as the random effect. During 
Period 2, the level of fat fed during the initial period was included as an 
additional fixed effect.  
 
3.3 Results 
3.3.1 Pig performance for Period 1 
There was no difference in performance (ADG, ADFI and FCR) between pigs 
consuming the diets containing 4 and 8% supplemental fat during Period 1 as 
indicated by no significant within-fat effects (P=0.708, P=0.216 and P=0.522, 
respectively), except for energy intake (P=0.021) (Table 3.3).  The ADG was not 
different between gilts and boars (0.845 vs. 0.849 kg/d, P=0.82) but was 
increased by supplemental dietary fat (0.799 vs. 0.865 kg/d, P=0.018). The ADFI 
was higher in gilts than in boars (2.04 vs. 1.86 kg/d, P=0.013) and tended to be 
increased by supplemental fat (1.86 vs. 2.00 kg/d, P=0.052).  The FCR was 
higher in gilts than in boars (2.44 vs. 2.24, P=0.023) but was not altered by 
supplemental fat (2.36 vs. 2.33, P=0.023). Back fat thickness at the P2 site was 
higher after 5 weeks in gilts than in boars (8.2 vs. 7.2 mm, P=0.006) but was not 
altered by supplemental fat (7.4 vs. 7.8 mm, P=0.17). Live weight at 5 weeks was 
not different between the sexes (P=0.80) but was increased by dietary fat (58.4 
vs. 60.6 kg, P=0.011) (Table 3.3). 
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Table 3.3 Effect of sex and level of supplemental dietary fat during Period 1 on growth performance of growing pigs. 
Sex  Gilt  Boar    Probability
2 
Fat level (FL)
1  0  4  8  0  4  8  sed
3  Sex  FL  Sex x 
FL 
Within 
FL 
ADG (kg/d)  0.793  0.853  0.890  0.805  0.865  0.850  0.0237  0.824  0.018  0.616  0.708 
ADFI (kg/d)  1.90  2.06  2.16  1.82  1.84  1.94  0.0631  0.013  0.052  0.299  0.216 
FCR (kg:kg)  2.46  2.43  2.43  2.26  2.17  2.29  0.080  0.023  0.728  0.949  0.522 
P2 (mm)  7.8  8.2  8.5  7.0  7.6  7.0  0.31  0.006  0.170  0.683  0.784 
Liveweight
4 (kg)  59.0  59.7  60.9  58.0  61.8  59.9  0.70  0.798  0.011  0.351  0.683 
1 Level of supplemental fat (%) during Period 1of the study. 
2 There were no significant interactions consequently additional probability values have not been shown. Effect of FL refers to 0 vs. 4 and 8% fat while 
Within FL refers to 4 vs. 8% fat contrasts. 
3 Standard error of the difference for the effect of sex. For standard error of the difference for Fat level, multiply by 1.064. 
            4 Analysed using initial weight as a covariate. 
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3.3.2 Pig performance and carcass characteristics for Period 2 and entire experiment 
  Table 3.4 Effect of sex and level of supplemental dietary fat during the initial phase and during the second phase on growth 
  performance of growing pigs. 
Sex  Gilt  Boar     
Final fat level 
(FFL)
1  0  4  0  4    Probability
3 
Initial fat level 
(IFL)
2  0 
4 
and 
8 
0 
4 
and 
8 
0 
4 
and 
8 
0 
4 
and 
8 
sed
4  Sex  IFL  FFL 
IFL 
 
FFL 
 
ADG (kg/d) 
                         
5-10 weeks  0.945  0.935  1.120  0.913  0.965  1.000  1.100  1.030  0.025  0.027  0.030  0.045  0.011 
0-10 weeks  0.882  0.885  0.944  0.910  0.883  0.930  0.955  0.943  0.015  0.064  0.941  0.022  0.120 
Feed intake (kg/d)                           
5-10 weeks  2.77  2.75  2.95  2.72  2.84  2.80  2.89  2.86  0.063  0.312  0.257  0.449  0.46 
0-10 weeks  2.33  2.44  2.42  2.40  2.36  2.36  2.32  2.36  0.051  0.289  0.570  0.981  0.679 
FCR                           
5-10 weeks  2.93  2.94  2.64  3.00  2.94  2.81  2.62  2.81  0.082  0.207  0.229  0.328  0.070 
0-10 weeks  2.64  2.76  2.56  2.65  2.67  2.53  2.43  2.51  0.050  0.012  0.516  0.061  0.409 
P2 (mm)  10.8  10.6  12.2  12.2  9.7  10.3  10.9  10.8  0.35  0.013  0.909  0.004  0.662 
Liveweight (kg)  85.3  88.4  92.6  90.7  90.3  90.6  94.4  94.6  1.58  0.025  0.594  0.036  0.470 
Carcass (kg)  68.1  68.4  71.6  70.4  67.4  69.5  71.4  71.3  1.10  0.453  0.666  0.038  0.358 
Dressing %  77.6  77.7  79.6  77.5  75.9  75.3  74.7  76.5  0.50  <0.001  0.750  0.370  0.941 
1 Level of supplemental fat (%) during Period 2 of the study 
2 Level of supplemental fat (%) during Period 1of the study. Since there were no significant within initial supplemental fat effects data for 4 and 8% supplemental fat 
during the initial period have been pooled. 
3 There were no significant within initial supplemental fat effects, nor were there any other significant interactions thus these probability values are not been shown. 
4 Standard error of the difference for the effect of sex and FFL. For standard error of the difference for the IFL, multiply by 1.064.  
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During Period 2, there was no difference (P>0.26, data not shown) in 
performance between pigs that consumed the diets containing 4 and 8% 
supplemental fat during Period 1 and so the data from animals consuming 
supplemental fat during Period 1, have been pooled for presentation. The ADG 
was lower in gilts than boars (0.978 vs. 1.024 kg/d, P=0.027), was lower in pigs 
that received supplemental fat during Period 1 (1.030 vs. 0.970 kg/d, P=0.030), 
and was increased by supplemental  fat in Period 2 (0.961 vs. 1.041 kg/d, 
P=0.045) (Table 3.4). However, there was an interaction (P=0.011) such that 
dietary fat supplemented during Period 2 increased ADG in pigs that had not 
previously consumed dietary fat (0.955 vs. 1.110 kg/d) but not in pigs that had 
previously consumed dietary fat (0.968 vs. 0.972 kg/d).   
 
Over the entire treatment period ADG tended to be lower in gilts than in boars 
(0.905 vs. 0.928 kg/d, P=0.064), was unchanged by dietary fat in Period 1 (0.916 
v. 0.917 kg/d, P=0.941), and was increased in pigs receiving supplemental fat 
during Period 2 (0.895 vs. 0.938 kg/d, P=0.022). There were no effects of sex 
(P=0.312) or dietary fat supplementation during Period 1 (P=0.257), or dietary fat 
supplementation during Period 2 (P=0.449), on feed intake during Period 2. 
Similarly, there were no effects of sex (P=0.289), dietary fat supplementation 
during Period 1 (P=0.570) or dietary fat supplementation during Period 2 
(P=0.981) on feed intake over the entire 10-week study. While there were no 
effects of sex (P=0.207) or dietary fat during the first  (P=0.229) or second 
(P=0.328) periods on FCR, there was an indication (P=0.070) of an interaction 
such that dietary fat supplementation during Period 2 decreased FCR in pigs that 
had not previously consumed dietary fat (2.63 vs. 2.93), but not in pigs that had 
previously consumed dietary fat (2.88 vs. 2.91). Over the entire study the FCR 
was higher in gilts than boars (2.65 vs. 2.54, P=0.012), was not affected by 
supplemental fat during  Period 1 (2.58 vs. 2.61, P=0.516), but tended to be 
reduced by dietary fat supplementation during Period 2 (2.65 vs. 2.55, P=0.061). 
Back fat at the P2 site was higher after the entire study in gilts than in boars (11.4 
vs. 10.4 mm, P=0.013), was not altered by supplemental fat during the first 
period (10.9 vs. 10.9 mm, P=0.909), but was increased by dietary fat during 
Period 2 (11.5 vs. 10.3 mm, P=0.004). Final live weight was lower in gilts than in 
boars (89.2 vs. 92.5 kg, P=0.025), was not altered by supplemental fat during  
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Period 1 (90.7 vs. 90.1 kg, P=0.594), but was increased by dietary fat during 
Period 2 (93.1 vs. 88.6 kg, P=0.036). Final carcass weight was not different 
between the sexes (69.6 vs. 69.9 kg, P=0.453), was not altered by supplemental 
fat during Period 1 (69.6 vs. 69.9 kg, P=0.666), but was increased by dietary fat 
during Period 2 (71.2 vs. 68.3 kg, P=0.038). Carcass dressing percentage was 
higher in gilts than in boars (78.1 vs. 75.6%, P<0.001) but was not influenced by 
dietary fat during either period (Table 3.4). 
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3.3.3 Blood metabolites 
 
Table 3.5 Effect of level of added fat and week of treatment on plasma metabolites and insulin for Period 1 of the study. 
Fat (F)  0%  4%  8%    Significance
a 
Week (W)  2  4  2  4  2  4  sed
b  Fat  Week  FW 
Glucose, mM  6.72  6.03  6.24  6.24  5.76  6.11  0.32  0.242  0.550  0.060 
Insulin, 
µU/ml  9.12  7.52  10.7  9.50  19.1  9.57     1.045    <0.001  <0.001  <0.001 
NEFA, mM  0.09  0.08  0.11  0.10  0.12  0.12    0.006  <0.001  0.141  0.360 
TAG, mM  0.29  0.31  0.33  0.35  0.34  0.45    0.036  0.022  0.014  0.122 
a There were no significant effects of sex consequently data have been pooled across sexes. There were no other significant interactions. 
b Standard error of the difference for Fat x Week  
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There were no effects of sex or any interactions for any metabolites or insulin 
during the first 4 weeks of the study therefore data were pooled across sex (Table 
3.5). There were no effects of dietary fat or time on plasma glucose (Table 3.5). 
There was an indication of an interaction (P<0.060) such that the plasma glucose 
decreased between 2 and 4 weeks in the control pigs (0% added fat) but not in 
those receiving supplemental fat. Plasma insulin was higher in pigs receiving 
supplemental dietary fat (P<0.001) and decreased over time (P<0.001). However, 
the effect was greatest in pigs receiving 8% supplemental fat as indicated by the 
highly significant (P<0.001) interaction between dietary fat and time on plasma 
insulin. Plasma NEFA was higher (P<0.001) in pigs receiving supplemental fat 
but was not affected (P>0.05) by time. Plasma TAG levels were higher in pigs 
fed supplemental fat (P=0.022) and increased with time (P<0.014) (Table 3.5). 
 
There were no main effects of dietary fat level during Period 1 for any of the 
metabolites or insulin over Period 2 so these data have been pooled across Period 
1 levels (Table 3.6). There was no effect of dietary fat (5.50 vs. 5.50 mM for 0 
and 4% supplemental fat, P=0.908) on plasma glucose over the second period 
(Table 3.6). Plasma glucose was lower in gilts than in boars (5.42 vs. 5.58 mM 
for gilts and boars, P=0.045) and decreased with time (5.68 vs. 4.44 and 5.38 mM 
for weeks 6, 8 and 10, P=0.035). Plasma insulin was greater in pigs receiving 4% 
supplemental fat (18.9 vs. 13.8 µU/ml, P=0.019) and was lower in gilts (12.7 v. 
20.1 µU/ml, P=0.002). However, there was an interaction (P=0.013) between 
level of supplemental fat such that plasma insulin was higher in boars receiving 
4% supplemental fat (25.2 vs. 15.0 µU/ml) but not in gilts (12.8 vs. 12.5 µU/ml). 
There was no effect of time (P=0.841) on plasma insulin. Dietary fat level did not 
have an effect on plasma NEFA (0.16 vs. 0.18 mM, P=0.210) but plasma NEFA 
were lower in gilts than in boars (0.15 vs. 0.19 mM, P=0.010). Plasma NEFA 
increased (P<0.001) over time although the effect was less pronounced in gilts 
than in boars as indicated by the interaction (P=0.023) between sex and time. 
Although there was no main effect of the level of fat fed during the initial period 
there were interaction with sex (P=0.009) and time (P=0.039). Thus, plasma 
NEFA during  Period 2 was higher in boars consuming supplemental fat during 
the initial period (0.13, 0.29 and 0.20 mM for boars receiving 0, 4 and 8% in the  
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initial period) but not in gilts (0.15, 0.13 and 0.12 mM). Also, plasma NEFA 
during the Period 2 were initially higher and increased to a lesser extent over time 
in pigs that consumed 8% supplemental fat during the first period (0.10, 0.16 and 
0.22 mM at 6, 8 and 10 weeks) than pigs consuming 0% (0.06, 0.18 and 0.25 
mM) or 4% (0.08, 0.019 and 0.26 mM) supplemental fat during Period 1. Plasma 
TAG was higher in pigs fed supplemental fat (0.40 v. 0.33 mM for 0 and 4% 
supplemental fat, P=0.024) but were not affected by time, sex or initial fat content 
(Table 3.6).  
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Table 3.6 Effect of level of added fat and week of treatment on plasma metabolites and insulin for Period 2 of the study. 
Fat (F)    0%  4%    Significance
a 
Week (W)    6  8  10  6  8  10  sed
b  Fat  Sex  Week 
Glucose, mM  Gilt  5.55  5.25  5.39  5.49  5.34  5.48  0.215  0.908  0.045  0.035 
  Boar  6.01  5.58  5.24  5.67  5.56  5.43         
Insulin
c, µU/ml  Gilt  11.9  13.4  13.2  11.3  11.9  14.3  3.60  0.019  0.002  0.841 
  Boar  17.3  13.8  13.8  26.8  24.3  24.4         
NEFA
d, mM  Gilt  -1.275  -0.746  -0.692  -1.156  -0.758  -0.664  0.078  0.210  0.010  <0.001 
    (0.05)  (0.18)  (0.20)  (0.07)  (0.17)  (0.22)         
  Boar  -0.991  -0.849  -0.554  -1.026  -0.675  -0.545         
    (0.10)  (0.14)  (0.28)  (0.09)  (0.21)  (0.28)         
TAG, mM  Gilt  0.31  0.35  0.35  0.43  0.41  0.43  0.043  0.024  0.257  0.910 
  Boar  0.34  0.33  0.31  0.37  0.37  0.38         
a There were no significant effects of fat content during the initial stage of the study consequently data have been pooled across initial fat contents.  There 
were no significant interactions except where indicated. 
b Standard error of the difference for Fat x Week x Sex 
c Significant Fat x Sex interaction (P=0.013).  See text for description. 
d Data were log transformed before analyses.  Back transformed means are in parentheses. Significant Initial fat level x sex (P=0.009), Initial fat x week 
(P=0.039) and Sex x Week (P=0.023) interactions. See text for description. 
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3.3.4 Cost-benefit analysis of production over the experiment 
Tables 3.7 and 3.8 demonstrate the effects of the diets offered in the grower 
(Period 1) and finisher (Period 2) periods on net return in margin for male and 
female pigs, respectively. Feeding 0% fat in Period 1 followed by 4% fat in 
Period 2 improved net return in both male and female pigs (net returns in margin 
when compared to 0% supplemental fat in both periods of AU $3.30 and $4.60 
per pig, respectively) (Tables 3.7 and 3.8).  
 
When comparing diets supplemented with 0% fat for the entire experiment 
(Period 1 and Period 2) with those with 0% supplemental fat for Period 1, then 
4% supplemental fat for Period 2, the diet cost increased by approximately AU 
$13.00/tonne based on ingredient prices in early 2007. This increase in the cost of 
the diet was offset by increases in LW gain (average 4.7 kg heavier for 0% in 
Period 1 then 4% in Period 2 when compared to 0% for entire experiment or 4 
and 8% in Period 1, and then 0% in Period 2), and carcass weight (average 3.7 kg 
heavier for 0% - 4% when compared to 0% for entire experiment or 4 and 8% in 
Period 1, and then 0% in Period 2) (Tables 3.7 and 3.8). 
 
Table 3.7 Influence of diets fed in each period on total grower/finisher feed costs, 
income per pig and net return for male finishers. 
Diets 
Period 1  0%  4 and 8%  0%  4 and 8% 
Period 2  0%  0%  4%  4% 
ADI (kg/d)  2.36  2.36  2.32  2.36 
Feed Costs ($/t)  313.10  339.10  326.10  352.10 
Total feed intake (kg)  165.2  165.2  162.4  165.2 
Feed costs ($/pig)  51.72  56.02  57.83  58.17 
ADG (kg/d)  0.883  0.930  0.955  0.943 
Cost/kg gain ($/kg)  0.84  0.86  0.87  0.88 
Cost saving (cents/kg)    -0.02  -0.03  -0.04 
Carcass weight (kg)  67.4  69.5  71.4  71.3 
Return on carcass weight ($2.50/kg)  168.5  173.8  178.5  178.3 
% of pigs above 12mm back fat  2.8  2.6  5.2  4.2 
Discount for P2 ($)  0.7  0.7  1.3  1.1 
Income per pig ($)  167.8  173.1  177.2  177.2 
Net Return ($/pig)  116.1  117.1  119.4  119.0 
Net return in margin compared to control ($/pig)  0.00  1.00  3.30  2.90 
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Table 3.8 Influence of diets fed in each period on total grower/finisher feed costs, 
income per pig and net return for female finishers. 
Diet 
Period 1  0%  4 and 8%  0%  4 and 
8% 
Period 2  0%  0%  4%  4% 
ADI (kg/d)  2.33  2.44  2.42  2.40 
Feed Costs ($/t)  313.10  339.10  326.10  352.10 
Total feed intake (kg)  163.10  170.80  169.40  168.00 
Feed costs ($/pig)  51.07  57.92  55.24  59.15 
ADG (kg/d)  0.882  0.885  0.944  0.910 
Cost/kg gain ($/kg)  0.83  0.93  0.84  0.93 
Cost saving (cents/kg)    -0.1  -0.01  -0.1 
Carcass weight  68.1  68.4  71.6  70.4 
Return on carcass weight ($2.50/kg)  170.3  171.0  179.0  176.0 
% of pigs above 12mm back fat  2.1  4.2  2.1  6.8 
Discount for P2 ($)  0.5  1.1  0.5  1.7 
Income per pig ($)  169.8  169.9  178.5  174.3 
Net Return ($/pig)  118.7  112.0  123.3  115.2 
Net return in margin compared to control ($/pig)  0.00  -6.70  4.60  -3.50 
 
3.4 Discussion 
3.4.1 Pig performance and carcass quality 
The data from the present experiment supported the hypothesis that feeding 
supplemental fat only in the finisher period (Period 2 in this study) would 
enhance production, financial returns and lower costs, and that supplemental fat 
was not necessary in the grower period (Period 1 in this study). The results also 
suggested that removing fat in the finisher period, if already present in the grower 
period, would be detrimental to growth performance. The data did not support the 
hypothesis that supplementing grower/finisher diets with up to 8% added fat 
would improve FCR, and ultimately growth performance, without being 
detrimental to carcass quality (P2 backfat thickness). There was not a single diet 
(in either or both periods) that improved FCR, which fails to  support the 
hypothesis. The results may have reflected the fact that dietary lysine levels (and 
other amino acids) were held constant and there is the possibility, especially in 
Period 1, that the diets containing 4% and 8% supplemental fat may have been 
deficient in lysine, given the declining lysine:DE ratio with increasing added fat. 
The latter, however, would be unlikely in Period 2. The results also suggest that 
supplementing grower and/or finisher diets with 4% fat would improve growth 
performance without substantial price penalties for P2 above 12mm, as the 
animals with higher P2 were also heavier and only a small percentage exceeded 
the maximum P2 for the grading system they were sold into. The final hypothesis  
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was, therefore, supported by this study, suggesting that a recommended diet 
containing 4% supplemental fat in the finisher period (Period 2) would be optimal 
for maximum performance and therefore provide a positive financial benefit. 
 
The results from the current study support the findings of Campbell (2005) and 
suggest that adding fat to diets in one period adversely affects growth rate in the 
subsequent  period if fat is removed from the diet. Regardless of the positive 
effect of fat on ADG, the absence of any significant effect on pig performance 
when feeding fat has been reported by Apple et al (2004). A study by Baudon et 
al. (2003) also suggested that added dietary fat had no effect on pig performance 
except for ADG, which was reportedly improved, consistent with the current 
study. In support of this, Baudon et al. (2003) suggested, that adding fat for only 
the first or second part of the finishing phase was less effective than adding fat 
for the entire finishing period. Collins et al. (2009b) also reported a positive 
effect of added fat on ADG with improvements being more pronounced during 
the initial 14-day feeding period, increasing linearly (P = 0.002) from 844 g/day 
(1% fat) to 942 g/day (6% fat). The present study also highlighted the significant 
response (although not linear) in the initial period (P = 0.018) from 799 g/day 
(0% fat) to 865 g/day (8% fat). 
 
Adding fat to the diets in either period increased GE intake, and in Period 2, this 
was likely the major reason for the improvements in growth rate and carcass 
weight exhibited by pigs offered the diet with 4% supplemented fat. In contrast, 
Azain et al. (1992) suggested that in growing pigs, increasing the energy density 
of the diet by adding fat to the diet did not increase the energy intake of ad 
libitum fed pigs. Nevertheless, the effects of increasing dietary energy content on 
feed and energy intake will be influenced by factors such as liveweight, stocking 
density, access to feeders and possibly even genetic and behavioural factors. 
Females consumed more GE than males in Period 1 as well as increased intake 
with supplemental fat (P=0.052), which may explain the greater P2 back fat 
depths throughout the entire experiment. 
 
The present results demonstrate the positive effects of supplemental fat and 
feeding higher energy diets on carcass weight in the finisher period, suggesting  
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that a diet with 14.3 MJ DE/kg (4% added fat) may be the most cost-effective 
energy level to use for pigs between 60 and 100 kg.  There was an effect of 
adding fat on back fat measured at the P2 site, however, not independently of 
carcass weight.  
 
The significant sex effect demonstrated for P2 in both Period 1 and Period 2 
suggests that females had a greater tendency than males to deposit fat, when fed 
diets supplemented with added fat. The latter is maybe not surprising given 
females have a lower capacity for protein deposition than males and are more 
likely to exceed their potential for protein deposition when offered higher energy 
diets (Campbell, 2005). However, once again, they did not deposit excessive fat 
to the point that returns were adversely affected as described in section 3.3.3. 
Dressing percentage very closely followed the pattern of back fat thickness; 
females that consumed 4% supplemental fat in Period 2 and no added fat in 
Period 1 were fatter and dressed out higher when compared to gilts fed no 
supplemental fat in Period 2. 
 
The animals in this growth study performed satisfactorily so the diets were 
adequate, however, the high fat diets did result in greater backfat suggesting the 
amino acid: DE ratio may have been marginal in the early stages. This may have 
also affected FCR results in Period 1. The control diet (8% starch) was set at 
0.65gm Av Lys/MJ DE which diluted to 0.58 gm Av Lys/DE when tallow 
replaced the starch (8% tallow). One of the key points in the method of simply 
replacing starch with tallow is that all the other components stayed the same. This 
maintained continuity and freshness of the test diets, with minimum risk of error 
and also reduced the dilution of av. Lys/DE ratio. 
 
Using just one diet for pigs between 35 – 105 kg had some merit in terms of 
minimizing the confounding effects of changing diets but the formulation needed 
to recognise the  changing protein:energy requirements over this weight range 
such to avoid confounding the added fat response with protein deficiency. Thus, 
the base formulation in this study addressed the following: 
 
1.  The declining requirements from 35 to 105 kg;  
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2.  The differences between males and females; 
3.  The dilution of the protein:energy ratio by the addition of fat e.g. 
adding 8% fat to a standard diet raises the DE by 13% and dilutes the 
protein:energy ratio to the same extent; 
4.  Excess protein would lower the metabolisability of the energy and 
hence reduce net energy values. 
 
3.4.2 Plasma Metabolites 
Dietary fat had no effect on plasma glucose concentrations and these findings are 
similar to Ostrowska et al (2002), who found no difference in plasma glucose in 
pigs consuming either 2.5 or 10% supplemental fat. Likewise, Sambrook and 
Rainbird (1985) reported that dietary fat content (3 vs. 16%) had no effect on 
plasma insulin.  During Period 1 the plasma insulin level was initially increased 
by dietary fat, although this response declined over time. During Period 2, plasma 
insulin was increased by dietary fat supplementation in boars but not gilts. On the 
other hand, Ostrowska et al (2002) found that plasma insulin decreased in gilts 
fed diets containing 10% as compared to those fed 2.5% fat. Sambrook and 
Rainbird (1985) concluded that insulin concentrations were higher in pigs fed a 
low (3%) compared to a high (16%) fat diet during the day but not at night. 
Reasons for the differences are unclear but may be related to the lower rate of fat 
deposition of the boars and so the increase in insulin in boars supplemented with 
fat is in response to the increased plasma NEFA observed in these boars.  Insulin 
is a potent inhibitor of NEFA mobilisation (Petterson et al. 1994) and may be 
expected to increase in response to high levels of NEFA. Plasma NEFA originate 
from hydrolysis of triglycerides, which is either stored within adipose tissue or 
found circulating as lipoprotein-bound triglycerides. Under most circumstances 
the majority of circulating NEFA arise from mobilisation of fatty acids from 
adipose tissue. However, when circulating TAG are high and the rate of 
lipogenesis is low, as is likely to be the case in genetically improved boars, then it 
is probable that NEFA will accumulate in the circulation (Dunshea et al., 1992). 
After NEFA enter the circulation, their major fats are to be oxidized or 
reincorporated into adipose tissue triglycerides. Dunshea et al. (1992) 
demonstrated that in finisher barrows over 90% of NEFA released into the 
circulation were eventually incorporated into adipose tissue. However, when  
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adipose tissue lipogenesis is reduced such as when pigs are treated with porcine 
somatotropin, this value may be more than halved. The rate of fat deposition in 
boars is generally lower than that in gilts (Dunshea et al. 1998a) although this 
does not necessarily translate to a lower rate of de novo lipogenesis from glucose 
(Dunshea et al. 1998b). The difference in fat deposition between the sexes may 
be due to greater mobilisation of adipose tissue in boars or reduced uptake of 
circulation triglycerides, both of which would result in higher levels of circulating 
NEFA. This is likely exacerbated when circulating TAG are increased as was the 
case in the present study. Plasma TAG are generally increased when dietary fat is 
increased (Ostrowska et al 2002; Liong et al. 2007). 
 
3.4.3 Cost-benefit analyses 
The cost-benefit analyses suggested that feeding 4% supplemental dietary fat 
only for the finisher period (Period 2 in this study) provided the greatest net 
return per pig for both males and females. Males also performed well with 
supplemental dietary fat for the entire 10-week period (grower and finisher). Our 
results are supported by those of  Collins et al. (2009b), who reported 5% 
supplemental dietary fat provided the greatest improvement in net return for both 
male and female pigs.  In the same study, an economic analysis reported profit 
margins with the high fat diets, with benefits greater in male pigs (improved 
profit margin AU $4.17 per pig) compared to the females (profit margin AU 
$1.47 per pig) (Collins  et al., 2009b). Collins et al. (2009a) reported 
improvements in the net margin for male and female pigs offered diets 
supplemented with 5% fat for the last six weeks of growth of AU $4.80 and AU 
$5.80/pig respectively. Philpotts et al. (2008) also concluded, that growth 
performance and financial returns may be maximised by offering diets without 
supplemental fat in the grower period followed by finisher diets containing 
dietary fat between 3 and 6%. 
 
In the present study, adding 4% fat to the finisher diet improved net return over 
the control (0% added fat) or that involving 4% supplemental fat in the grower 
diet (Period 1) by AU $3.95 (males and females combined). In fact, supplemental 
fat in Period 1 only or supplemental fat in both Period 1 and Period 2, produced 
negative net returns when compared to a control (no added fat in either period)  
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for females. This was not the case for males. These results were most likely due 
to the significant increase in ADFI in females in Period 1, which increased feed 
costs, without the same improvement in ADG exhibited by males. An amount of 
4% supplemental fat fed to males in Period 2, lowered the FCR and improved 
ADG.  
 
The results of this experiment question current nutritional strategies for 
grower/finisher pigs where dietary fat is reduced over time. De Rouchey (2009) 
suggested the low feed intake of young pigs often leads nutritionists to feed high 
levels of fat to increase the energy density of the diet. Unfortunately, fat 
utilisation from the diet at this age is limited and as this study suggests, is not 
worthwhile. The results of this study suggest that finisher pigs, probably due to 
physical and other constraints on intake, are much more responsive to added fat 
under commercial situations than grower pigs. Furthermore, the results suggest a 
negative effect of not including fat in finisher diets if it has been included in 
grower diets. Baudon et al. (2003); Apple et al. (2004) and Collins et al. (2009a) 
have also reported positive effects of added fat in the finisher period on financial 
returns.  
 
3.5 Conclusions 
Incorporating 4% supplemental dietary fat as tallow into commercial finisher 
diets improves growth performance, carcass weight and net financial returns. 
There is no evidence to suggest that eliminating fat from the diet is worthwhile 
once it is already present. Fat utilisation increases with age and fat should be used 
nutritionally in a strategic manner. As digestive enzyme systems mature and fat 
metabolism improves in the pig, fat can serve as an increasingly important energy 
source, ingredient and production tool in finisher diets. 
 
Results from the present study also demonstrated that plasma TAG, insulin and 
NEFA concentrations increase during supplementary dietary fat feeding in the 
grower period (Period 1), and TAG are increased by supplementary dietary fat 
feeding in the finisher period (Period 2), suggesting alterations in both the uptake 
of fatty acids and fat breakdown. However, further studies are needed to  
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understand/define the key mechanism(s) of fat involved in lipid mobilisation and 
utilisation and the effects these processes may have on pig performance.   
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CHAPTER 4 
 
EXPERIMENT 2: EVALUATION OF DIETARY FAT AMOUNT, TYPE 
OF FAT AND THE COMBINATION OF FAT TYPES IN GROWER PIGS: 
APPARENT TOTAL TRACT, ILEAL NUTRIENT AND  DIET 
COMPONENT DIGESTIBILITIES 
 
4.1 Introduction 
A number of factors can influence the nutritive value of diets containing different 
types and amounts  of lipids (Li et al., 1990;  Pech Sovanno et al., 2002). 
Leibbrandt et al. (1975), Cera et al. (1989) and Pettigrew and Moser (1991), 
observed that young pigs are less capable of digesting and utilising dietary fat 
than older pigs. Kurival and Bowland (1962) found the digestibility of energy did 
not depend on the level of dietary fat, while Whittemore (1993) suggested that fat 
products with high levels of free fatty acids are less well digested. Stahly (1984) 
surmised that age of the pig, chain length of the fatty acids in the fat, free fatty 
acid concentration, and the UFA:SFA ratio influence the apparent digestibility of 
fat. However, the majority of authors believe that digestibility of a dietary fat 
depends mostly on the chemical nature of its constituent fatty acids (Garrett and 
Young, 1975; Ketels and De Groote, 1989; Dänicke et al., 2000).  
 
Many animal studies have demonstrated that fats rich in UFA are better digested 
than SFA (Carroll, 1958; Becker et al., 1979; Lessire and Leclercq, 1982; Jung et 
al., 1988; Cera et al., 1988; Cera et al., 1989; Wiseman et al., 1990; De Schrijver 
et al., 1991; Powles et al., 1993; Smits et al., 2000; Jorgensen and Fernández, 
2000). Tallow is characterised by a lower fat digestibility than vegetable oils, and 
this has been attributed to its higher content of long-chain SFA (Mitchaothai et 
al., 2008). This observation is in agreement with previous findings (Antoniou et 
al., 1980; Wiseman and Lessire, 1987; Ketels and De Groote, 1989; De Schrijver 
et al., 1991). Li et al. (1989) concluded that it was not only the type of fat, but 
combinations of soybean oil and coconut oil in the diet (50% soybean oil: 50% 
coconut oil combination) that contributed to maximising digestibility and thus 
performance. However, Lauridsen et al. (2007) suggested fat blends in pig diets 
should be avoided, as fat digestibility for 100% vegetable fat sources (several 
sources) was greater than animal fats alone or in combination. 
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Jones et al. (1992) reported greater digestibility of N and GE when fat was added 
to diets for weanling pigs compared with a non-fat control. Asplund et al. (1960) 
also reported greater digestibility of N with fat inclusion in the diet. Berschauer 
(1984) showed apparent digestibility of crude protein in piglets fed 7% added fat 
was higher than in a corresponding control group. De Rouchey et al. (2004), 
however, reported no differences in apparent digestibility of DM, N or GE among 
pigs fed a control diet and those fed a diet containing 6% choice white grease. 
Cho et al. (2008) investigated the effects of fat type and level on apparent total 
tract and ileal nutrient digestibility in pigs. It was concluded that mono-and di-
glycerides could increase apparent total tract nutrient and apparent ileal nutrient 
digestibility of DM, GE, N and crude fat. Brooks (1967) added soybean oil (10% 
level) to diets of grower pigs and demonstrated increases in digestibility of fat, 
however, digestibility of other components (protein, fibre and dry matter) were 
not affected. In contrast, Lewis and Southern (2001) reported significant 
increases in ileal digestibility of DM and energy and improvements for CP when 
grower pigs were fed 10% fat compared with a basal diet. 
 
Information regarding practical recommendations on the amount of fat, fat type 
or fat combination to feed grower pigs is either limited or confusing. To further 
knowledge on the digestibility of high fat diets in pigs, and to provide more 
information on the level of fat and the type of fat on nutrient digestibility, a 
digestibility and transit time study was performed. The purpose of this study was 
to determine ileal and total tract apparent digestibility of diet components in 
grower pigs when fed diets containing varying amounts of canola oil (CO) and 
beef tallow (BT)  (UFA versus SFA) or in combination (UFA:SFA).  The 
hypotheses examined were that: 
 
1.  Pigs fed diets supplemented with CO would have a greater 
digestibility  of nutrients and diet components than pigs fed BT-
supplemented diets (Experiment A); 
2.  A higher UFA:SFA ratio in the diet would improve digestibility of 
nutrients   and diet components (Experiment B). 
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4.2 Materials and methods 
The animal studies were carried out in compliance with the Australian Code of 
Practice for the Care and Use of Animals and approved by the Animal Ethics 
Committee of the University of Adelaide, Adelaide, South Australia. 
 
4.2.1 Animals and housing 
Twenty Landrace x Large White pigs (boars) were obtained from a high-health 
status commercial piggery (Roseworthy Piggery Pty Ltd., Roseworthy, South 
Australia, approximately 50 kilometres north of Adelaide). Pigs were selected at 
5 weeks of age with an average individual weight of 10.0 ± 0.3 kg (mean ± sem) 
and were housed individually in 1.5 x 2.0m solid sided pens in a room with 
windows, so a light:dark cycle was evident. Rooms were kept at a constant 
temperature, with partially slatted and partially concrete flooring in the 
University of Adelaide Roseworthy pig unit. Each pen had a single feeder trough 
and a single nipple water drinker. The pigs were fed a commercial weaner diet 
with no added fat (Table 4.1) until approximately 30.0 ± 1.3 kg (mean ± sem). At 
this time,  14 of the animals were selected to undergo cannulation surgery 
(Appendix I).  
 
During the ileal and faecal collection periods, pigs were transferred to a 
metabolism crate with dimensions of 1.5m x a width up to 0.8m to allow for pig 
growth. Metabolism crates had solid steel sides to prevent cannulae coming out 
due to pigs rubbing. Transfer to metabolism cages was via a transfer cage and 
hydraulic lift. The pigs were housed in these crates for 48 hours where the pigs 
were fed their appropriate experimental diet and water was available at all times 
via a nipple drinker. After this time, the pigs were transferred back to their 
original pens. This process occurred weekly for 5 weeks until each pig had 
received each of the experimental diets.  
 
4.2.2 Experimental design and diets 
4.2.2.1 Experiment A 
Five diets were compared for type and amount of fat. Three basal diets were 
prepared consisting of 0% added fat, 8% added beef tallow and 8% added canola 
oil (Table 4.1) and these were combined to yield five experimental diets which  
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comprised a control (C), 4% added beef tallow (4BT), 8% added beef tallow 
(8BT), 4% added canola oil (4CO) and 8% added canola oil (8CO). Celite (2%) 
was included as an acid insoluble ash marker for the digestibility component of 
the experiment and Cr2O3 (0.5%) was added to determine transit time. Pigs were 
allocated to each experimental diet based on a 5x5 cross-over Latin Square 
design. Diets were fed for 7 days, with a 5-day period of diet adaptation, with 
collections of ileal digesta made on days 6 and 7. Cr2O3 was present in diet for 
days 1 to 5 but removed for days 6 and 7 to determine ileal marker dilution. Daily 
feeding rates for the control diet (0% added fat (C)) were adjusted to three times 
maintenance (3 x (0.5 MJ DE kg-1 body weight
0.75)/diet DE) to account for the 
liveweight change over  the course of the  weekly  5x5 rotation. Diets 
supplemented with fat were fed at the same weight as the control diets in each 
replicate. Specifically, the pigs consumed greater amount of energy although the 
weight  of the other components was common, resulting  in more reliable 
digestibility estimates. Daily rations were halved and fed as a mash at 12 hour 
intervals and water was freely available via nipple drinkers.  
 
4.2.2.2 Experiment B 
Five diets were compared for ratios of beef tallow (BT) and canola oil (CO). 
Three  basal diets (Table 4.2)  were used to prepare five experimental diets 
containing 8% added fat/oil but with varying ratios of BT and CO. The diets 
consisted of 100% BT (100BT), 20% CO and 80% BT (20CO:80BT), 40% CO 
and 60% BT (40CO:60BT), 60% CO and 40% BT (60CO:40BT) and 80% CO 
and 20% BT (80CO:20BT), with all combinations containing 8% fat. The 
numerical values for the UFA:SFA of the above five diets were 47.9:52.1, 
56.8:43.2, 65.7:34.3, 74.8:25.2, 83.7:16.3 respectively. Celite  (0.2%)  was 
included as an acid insoluble ash marker for the digestibility section of the 
experiment and Cr2O3 (0.5%) was added to determine transit time. Pigs were 
allocated to each experimental diet based on a 5x5 cross-over Latin Square 
design. Diets were fed for 7 days, with a 5-day period of diet adaptation, with 
collections of ileal digesta made on days 6 and 7. Cr2O3 was present in diet for 
days 1 to 5 but removed for days 6 and 7 to determine ileal marker dilution. Daily 
feeding rates for the control diet (100% tallow (100BT)) were adjusted to three 
times maintenance (3 x (0.5 MJ DE kg-1 body weight
0.75)/diet DE) to account for  
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the liveweight change over the course of the weekly 5x5 rotation. Daily rations 
were halved and fed as a mash at 12-hour intervals and water was freely available 
via nipple drinkers.  
 
Table 4.1 Composition and analyses of the experimental diets (% of diet as fed). 
Ingredient  Weaner  Grower  C  8CO  8BT 
Barley  0  44.75  19.50  19.50  19.50 
Wheat  65.27  36.00  15.50  25.50  25.50 
Peas  10.00  0  18.00  18.00  18.00 
Soybean Meal  10.00  4.00  12.60  12.60  12.60 
Canola Meal  0  5.25  8.00  8.00  8.00 
Fish Meal  6.70  0  0  0  0 
Meat Meal  5.00  5.00  5.00  5.00  5.00 
Bloodmeal  1.70  2.50  0  0  0 
Choline Chloride  0.05  0  0  0  0 
Salt  0.20  0.25  0.20  0.20  0.20 
Limestone  0  0.55  1.00  1.00  1.00 
L-Lysine  0.10  0.26  0.16  0.16  0.16 
DL-Methionine  0.03  0.06  0.04  0.04  0.04 
Phytase*  0.01  0.01  0  0  0 
HP Weaner**  0.20  0  0  0  0 
L-Threonine  0.04  0.05  0.02  0.02  0.02 
Grower Premix 
A  0  0.3  0.15  0.15  0.15 
Rovabio Premix***  0.05  0  0  0  0 
Celite  0  0  2.00  2.00  2.00 
Cr2O3  0  0  0.5  0.5  0.5 
Wheat Starch  0  0  8.00  0  0 
Canola Oil  0  0  0  8.00  0 
Tallow-mixer  0  1.00  0  0  8.00 
ASupplied per kg of diet: 75g Fe (FeSO4); 20g Cu (CuSO4); 40g Mn (MnO); 100g Zn (ZnO); 
200mg Se (Na2SeO3); 1g I (KI); 250mg Co (CoSO4); vitamin A, 10 MIU; vitamin D3, 2MIU; 
vitamin E, 50g; vitamin K, 1.8g; thiamine, 1.5g; riboflavin, 6g; pyridoxine, 3g; vitamin B12, 25mg; 
pantothenic acid, 11g; folic acid, 750mg; niacin, 20g and biotin, 100mg. 
Where: C = control (0% added fat), 8CO = 8% canola oil and 8BT = 8% beef tallow 
* Phyzyme® Danisco Animal Nutrition, Marlborough, UK. 
**  HP weaner (Lienert Australia Pty Ltd.) 
*** Rovabio (Enzyme complex) 
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Table 4.2 Analysed and calculated composition of experimental feedstuffs (% of diet as fed). 
  Weaner  Grower  C  4BT  8BT  4CO  8CO  100BT  20CO:80BT  40CO:60BT  60CO:40BT  80CO:20BT 
Analysed Composition (%) 
Moisture 
-  -  9.5  8.7  8.1  8.4  8.5  8.6  7.6  8.6  8.9  8.0 
Crude Fat  -  -  3.3  8.1  11.8  7.3  11.0  11.8  11.2  11.6  11.2  11.4 
Crude Protein  -  -  23.7  24.3  24.2  24.3  23.5  24.1  24.0  24.2  23.7  23.6 
GE (MJ/kg)  -  -  16.8  17.7  18.5  17.6  18.4  18.6  18.6  18.5  18.5  18.3 
AIA  -  -  2.0  2.2  2.1  2.1  2.2  2.2  2.2  2.2  2.2  2.2 
N  -  -  3.79  3.89  3.87  3.89  3.76  3.86  3.84  3.87  3.79  3.78 
Calculated Composition (%) 
DE, MJ/kg  14.5  13.7  13.5  14.3  15.2  14.3  15.2  15.2  15.2  15.2  15.2  15.2 
Crude Protein  21.6  18.0  20.1  20.1  20.1  20.1  20.1  20.1  20.1  20.1  20.1  20.1 
Crude Fat  2.9  3.3  2.3  6.2  10.2  6.2  10.2  10.2  10.2  10.2  10.2  10.2 
Total Lysine  1.38  1.10  1.16  1.16  1.16  1.16  1.16  1.16  1.16  1.16  1.16  1.16 
Avail. Lysine  1.20  0.95  0.98  0.98  0.98  0.98  0.98  0.98  0.98  0.98  0.98  0.98 
Avail. Lysine: 
DE ratio g/MJ DE 
0.82  0.69  0.72  0.68  0.64  0.68  0.64  0.64  0.64  0.64  0.64  0.64  
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Methionine  0.42  0.33  0.38  0.38  0.38  0.38  0.38  0.38  0.38  0.38  0.38  0.38 
Threonine  0.88  0.73  0.78  0.78  0.78  0.78  0.78  0.78  0.78  0.78  0.78  0.78 
Tryptophan  0.25  0.20  0.21  0.21  0.21  0.21  0.21  0.21  0.21  0.21  0.21  0.21 
Where:C=Control (0% added fat), 4BT=Control + 8% Beef Tallow (4% Beef Tallow), 8BT=8% Beef Tallow, 4CO=Control + 8% Canola Oil (4% Canola Oil), 8CO=8% 
Canola   Oil, 100BT=100% Beef Tallow added at 8% (47.9:52.1), 20CO:80BT=20% Canola oil + 80% Beef Tallow added at 8% (56.8:43.2), 40CO:60BT=40% Canola Oil + 
60% Beef Tallow added at 8% (65.7:34.3), 60CO:40BT=60% Canola Oil + 40% Beef Tallow added at 8% (74.8:25.2), 80CO:20BT=80% Canola Oil + 20% Beef Tallow added 
at 8% (83.7:16.3) 
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4.2.3 Cannulation surgery 
Pigs were fitted with simple T-piece cannulae (Witley Holdings Pty. Ltd.) 
approximately 150 mm anterior to the ileo-caecal valve as described by van 
Barneveld (1993), with the exception that skin barriers for use around stoma in 
human ileostomy patients (Stomahesive System 2 with 70 mm flange; Bristol-
Myers Squibb, Princeton, NJ, 08543-4000 USA) were incorporated between the 
flange of the cannula and the skin to promote healing of the wound and to prevent 
any leakage around the cannula. The complete surgical procedure is explained in 
Appendix I. 
 
4.2.3.1 Post-surgery procedures 
Following surgery, pigs were housed individually in a solid-sided pen (1.5 x 2 m) 
and fed a commercial grower diet (0.7 g available lysine/MJ DE; 13.7 DE, 
MJ/kg) for a recovery period of seven days (Table 4.2). Immediately post-
surgery, pigs were adequately monitored to ensure full recovery from the 
administered anaesthetics. Water was freely available via nipple drinkers. The 
area surrounding the cannulae was washed with Iovone scrubs (Jurox Pty. Ltd., 
Rutherford, NSW, Australia) daily and zinc cream (Faulding, Rydalmere, NSW, 
Australia) was applied to the skin around the cannula to sooth any irritation to the 
skin. 
 
4.2.4 Collections and determination of transit time 
Following the 7-day recovery period, experimental diets were introduced. 
Collections began immediately after feeding on each ileal collection day (days 6 
and 7). Ileal digesta were collected by removing the screw-cap used to close the 
cannula and replacing it with a nipple. This nipple was screwed into the neck of 
the cannula, which allowed a tube-like bag to be attached using a rubber band 
(see Appendix 1). Faeces were collected, using the total collection method. The 
samples (ileal digesta and faeces) were immediately frozen at -20°C to prevent 
further digestion of the sample. All feed consumed was measured by subtracting 
the orts from the offered quantity.  Following collection of digesta and faeces,  
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diets were re-allocated and the procedure repeated until all pigs had received each 
of the diets. Following each collection samples were bulked, mixed, sub-sampled, 
freeze-dried and ground prior to chemical analysis.  
 
4.2.5 Chemical analyses 
Feedstuffs were subject to analyses for DM, N, GE, acid insoluble ash (AIA), CP 
and CF. Faeces and ileal digesta were subject to DM (freeze drying), AIA, N, 
GE, CF and chromic oxide (Cr2O3) analyses.  All faecal and ileal samples were 
dried and ground to pass through a 5mm screen prior to analysis. The DM, GE 
and  AIA analyses were conducted at the South Australian Research and 
Development (SARDI), Pig and Poultry Production Institute (PPPI), University 
of Adelaide, Roseworthy Campus, Roseworthy, South Australia. The N and CF 
analysis was conducted at the Waite Analytical Services, School of Agriculture, 
Food and Wine, University of Adelaide, South Australia. The Cr2O3 analysis was 
conducted by Ecoteam, Environmental Scientific Services, University of 
Sunshine Coast, Sippy Downs, Queensland, 4551. 
 
Freeze drying of faecal and ileal digesta samples was conducted using a Dynavac 
freeze drying unit and freeze drying pump. The DM, N, GE, CP and CF analysis 
methods have been described previously in Chapter 3 (Section 3.2.4). 
 
Acid insoluble ash was determined by placing crucibles in a muffle furnace 
upside down for 3 hours. Once cooled, the crucibles were removed from the 
muffle furnace and allowed to cool to room temperature. Crucibles were rinsed 
with distilled-deionised water, and placed upside down on a vacuuming flask.  A 
volume of 1-2mL of 4M HCl was sucked through the crucible in the reverse 
direction.  Distilled/deionised water was then sucked through in the same 
direction. This process was repeated to ensure no HCl remained. Crucibles were 
dried in the drying oven for 2 hours and then placed into a desiccator for 2 hours. 
Each crucible was weighed and the result was recorded (= Crucible weight). The 
sample was weighed (2-4 g for feed containing 2% celite), or (1-3 g animal 
digesta - ileal content, faeces) into the crucible and weights were recorded (= 
Sample weight). Crucibles + sample were dried overnight in the drying oven,  
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after which time the crucibles + sample were then cooled in a desiccator for 2 
hours and re-weighed. Again, the result was recorded (= Crucible + Dry weight). 
The sample was ashed in a cold muffle furnace to slowly raise the temperature, 
overnight. Crucibles were transferred into Pyrex dishes and cooled. Once cool, 
4M HCl was poured into the dishes until the sample was wetted from underneath, 
then boiled gently for 30 minutes total (15min to boiling temp, 15 min boiling), 
ensuring that the crucibles did not boil dry. Crucibles were removed and HCl 
under suction was also removed.  The samples were then rinsed with 4M HCl and 
then with distilled-deionised water. Crucibles were dried in a drying oven for 2 
hours and transferred to the muffle furnace and ashed overnight (at least 8 hours). 
Crucibles were then cooled in desiccators for 2 hours and re-weighed.  Result was 
recorded (= Crucible + Ash weight). 
  
Calculation of AIA: 
Dry matter % = 
weight Sample
weight Crucible weight Dry Crucible − + ) (
  100 
 
AIA % = 
weight Crucuble weight Dry Crucible
weight Crucible weight Ash Crucible
− +
− +
) (
) (
  100 
 
Chromic oxide was determined by nitric-perchloric acid digestion. The digestion 
acid was prepared by adding 500 ml of concentrated perchloric acid to 2.5 L of 
concentrated nitric acid in a fume hood and then adding 0.12 g of ammonium 
metavanadate dissolved in 10 ml water which acts as the catalyst. The process 
was as follows: 
 
For each sample, 250-400 mg of material was weighed into a 50 ml conical flask. 
In a fume hood, a dispenser was used to add to each sample 15 ml of nitric-
perchloric digestion acid. To digest the samples the SEM hotplate was placed into 
the fume hood with the controller on a trolley outside the hood. The conical 
flasks and samples were transferred onto the hotplate. The controller and heating 
block were switched on. Temperature of the controller was set to 100
o C allowing 
excess nitric acid to break down and oxide gases to be driven off. After 20  
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minutes, the temperature was increased by 70
oC every hour to a maximum 
temperature of 250
oC. Once all the excess nitric acid was evaporated after 4 – 5 
hours of digestion the perchloric acid component started to fume. The flask was 
then removed from the hotplate. In the case of Cr2O3 the Cr needs to be converted 
to dichromate so the solution also needed to turn yellow/orange for complete 
digestion to take place. The samples were rested about 10 minutes to cool before 
they were made up to volume (25 ml). The concentrate was transferred directly 
into a volumetric flask, rinsed 2-3 times with TDI water and a volumetric flask 
was made up to the indicated volume line with TDI water. This was mixed well 
and a portion of the contents transferred to labelled 10 ml plastic vials for storage 
prior to analysis. 
 
Standards for the required elements were prepared by serial dilution of certified 
stock standards in a matrix of 8% perchloric acid. (CHOICE Analytical Pty Ltd 
Cat. #100012-1). The AAS instrument prepared its own calibration curve and 
provided results already calculated in the appropriate standard units. The AAS 
used for Cr2O3  analysis was a Shimadzu AA-6300 atomic absorption 
spectrophotometer. 
 
4.2.6 Calculations 
Coefficients of ileal apparent digestibility (CIAD) and total tract apparent 
digestibility (CTTAD) for DM, N, GE and CF were calculated following the 
internal marker (IM) method: 
{[(Nutrient (diet)/Marker (diet))] -  [(Nutrient (digesta)/Marker (digesta))]} / 
[(Nutrient (diet)/Marker (diet))] 
 
4.2.7 Statistical analyses 
All statistical analyses were performed using the General Linear Models function 
GenStat (11
th Edition, VSN International Ltd, Hemel Hempstead, UK).  
 
Data from experiment A were analysed by ANOVA suitable to test for the effects 
of amount of dietary fat (0 versus 4 and 8%), type (canola versus tallow) as well 
as any effect of type of fat (tallow or canola) on the response to amount. Pig was 
used as a blocking factor. Statistical significance was accepted at P < 0.05.  
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Data from experiment B were analysed by ANOVA suitable for a dose-response 
to increasing levels of canola oil or beef tallow in combination (UFA:SFA), with 
linear and quadratic effects determined. Again, pig was used as a blocking factor.  
Statistical significance was accepted at P < 0.05. 
 
The relationship between ileal Cr concentration and time after removal of Cr 
from the diet was fitted to a Gompertz function in the form: 
 
Ileal Cr concentration = a + c*exp[-exp{-b*(time-m)}], 
 
which is non-symmetrical about the inflection point m and had asymptotes at ileal 
Cr concentration = a (approximates equilibrium Cr concentration before time 
zero) and a + c (approximates zero). Average ileal retention time (t1/2) was 
calculated as the time taken for the Cr concentration to reach 50% of the initial 
plateau. Unfortunately, ileal contents were pooled for each diet as each time point 
and so no statistical comparisons could be made between diets. All curve fitting 
was performed using Genstat Version 11. 
 
4.3 Results 
4.3.1 Experiment A 
Results for the CIAD and CTTAD of DM, N, GE and fat are summarized in 
Table 4.3. There were significant main effects of amount and type of fat for 
CIAD of fat (P=0.011 and P=0.013, respectively), CTTAD of fat (P=0.002 and 
P=0.005, respectively) and faecal DE level (P=0.028 for amount and a trend, 
P=0.088, for type of fat on faecal DE content). The CIAD of fat increased with 
increasing dietary fat content and was higher for CO than BT. There was also a 
tendency (P=0.110) for CIAD of fat to be highest on the highest inclusion rate for 
BT and at the lowest inclusion rate (4%) for CO, with the BT having a higher 
value at the 8% inclusion level than CO. Faecal DE was increased with increasing 
fat level (P=0.028)  and tended to be higher for BT than CO (P=0.088). The 
CTTAD for fat also increased with increasing fat level and was significantly 
higher for BT than CO.  
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There were differential effects for the interaction between the amount and type of 
fat with respect to CIAD for DM, GE and N. The CIAD of these nutrients was 
maximised at the highest (8%) inclusion rate for BT and at the lower (4%) 
inclusion rate for CO and in all cases CIAD declined when the level of CO was 
raised from 4% to 8%. For BT, apparent digestibility increased with increasing 
inclusion rate (Table 4.3). 
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Table 4.3 Effect of fat amount and fat type on the CIAD and CTTAD of DM, GE, N and fat, and the DE content. 
  Diet       P-value 
  C  4BT  8BT  4CO  8CO  s.e.m
1  Amount  Type  Amount  Type 
Item                   
                   
Ileal DE (MJ/Kg)  11.9  12.7  13.7  13.0  13.7  0.38  0.082  0.162  0.916 
CIAD DM   0.553
a  0.525
a  0.606
b  0.658
b  0.579
a  0.03  0.569  0.184  0.031 
CIAD GE   0.537
a  0.501
a  0.676
b  0.656
b  0.536
a  0.04  0.505  0.687  0.022 
CIAD N   0.688
a  0.660
a  0.735
b  0.756
b  0.706
a  0.02  0.608  0.329  0.048 
CIAD fat   0.404  0.533  0.708  0.710  0.618  0.06  0.011  0.013  0.110 
 
Faecal DE (MJ/Kg)  12.3  13.4  14.6  13.5  14.5  0.47  0.028  0.088  0.970 
CTTAD DM   0.802  0.802  0.805  0.804  0.804  0.00  0.991  0.997  0.995 
CTTAD GE  0.811  0.816  0.857  0.817  0.804  0.01  0.745  0.503  0.311 
CTTAD N  0.826  0.844  0.843  0.839  0.843  0.00  0.647  0.608  0.979 
CTTAD fat  0.545  0.687  0.767  0.655  0.728  0.04  0.002  0.005  0.666 
1 Standard error of the mean for supplemental fat, 
a,b across rows indicate significant main effect of Amount  Type (P<0.05) 
Where: C = 0% added fat, 4BT = 4% added beef tallow, 8BT  = 8% added beef tallow,  4CO  = 4% added canola oil, 8CO  = 8% added canola oil  
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4.3.2 Experiment B 
Results for the CIAD and CTTAD of DM, N, GE and fat for pigs fed diets 
containing a combination of BT and CO are given in Table 4.4. 
 
There were no significant main effects on any measure of the CIAD or CTTAD. 
However, linear positive trends, were evident for the CIAD of DM and N 
(P=0.106 and P=0.106, respectively) as the UFA:SFA was increased.  The 
combination of fat in the diet had no effect on ileal or faecal estimates of DE. 
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Table 4.4 Effect of UFA:SFA ratio on the CIAD and CTTAD of DM, GE, N and fat, and the DE content 
  Diet     P-value 
Item  100BT  20CO:80BT  40CO:60BT  60CO:40BT  80CO:20BT  s.e.m
1     UFA:SFA  Linear  Quadratic 
              (Treatment)     
Ileal DE (MJ/Kg)  13.2  13.7  14.1  14.3  14.0  0.21  0.687  0.230  0.440 
CIAD DM  0.514  0.579  0.551  0.618  0.649  0.03  0.497  0.106  0.900 
CIAD GE  0.584  0.573  0.551  0.633  0.690  0.03  0.415  0.135  0.256 
CIAD N  0.701  0.729  0.704  0.760  0.761  0.01  0.395  0.106  0.804 
CIAD fat  0.719  0.695  0.653  0.665  0.721  0.02  0.880  0.890  0.339 
                   
Faecal DE (MJ/Kg)  14.4  14.6  14.7  15.1  14.5  0.14  0.940  0.777  0.575 
CTTAD DM  0.799  0.817  0.816  0.808  0.822  0.00  0.589  0.288  0.698 
CTTAD GE  0.822  0.828  0.834  0.827  0.842  0.00  0.758  0.285  0.932 
CTTAD N  0.849  0.856  0.861  0.855  0.861  0.00  0.868  0.437  0.701 
CTTAD fat  0.750  0.791  0.769  0.743  0.785  0.01  0.198  0.662  0.960 
1 Standard error of the mean for supplemental fat 
Where: 100BT=100% Beef Tallow added at 8% (47.9:52.1), 20CO:80BT=20% Canola oil + 80% Beef Tallow added at 8% (56.8:43.2), 40CO:60BT=40% Canola Oil + 60% 
Beef Tallow added at 8% (65.7:34.3), 60CO:40BT=60% Canola Oil + 40% Beef Tallow added at 8% (74.8:25.2), 80CO:20BT=80% Canola Oil + 20% Beef Tallow added at 
8% (83.7:16.3) 
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4.3.3 Transit times (using Cr2O3) 
 
Table 4.5 indicates the half-life (i.e. duration until half the feed consumed had 
reached the ileum) for each of the diets C, 4BT, 8BT, 4CO and 8CO used in 
Experiment A.  
 
Table 4.5 Estimates of the half-lives for fat-supplemented diets in 
Experiment A. 
                                                    Diet  
  C  4BT  8BT  4CO  8CO
 
Half life (hrs)  2.97
  3.44
  3.09
  3.14
  3.50 
Where: C = 0% added fat, 4BT = 4% added beef tallow, 8BT = 8% added beef tallow,  4CO  = 
4% added canola oil, 8CO  = 8% added canola oil 
 
Table 4.6 indicates the half-lifes  for  each of the diets 100BT, 20CO:80BT, 
40CO:60BT, 60CO:40BT and 80CO:20BT used in Experiment B.  
 
Table 4.6 Estimates of the half-lives for UFA:SFA diets in Experiment B. 
                                 Diet  
  100BT  20CO:80BT  40CO:60BT  60CO:40BT  80CO:20BT
 
Half life (hrs)  N/A  2.81  3.15  2.64  2.76 
Where: 100BT=100% Beef Tallow added at 8% (47.9:52.1), 20CO:80BT=20% Canola oil + 80% 
Beef Tallow added at 8% (56.8:43.2), 40CO:60BT=40% Canola Oil + 60% Beef Tallow added at 
8% (65.7:34.3), 60CO:40BT=60% Canola Oil + 40% Beef Tallow added at 8% (74.8:25.2), 
80CO:20BT=80% Canola Oil + 20% Beef Tallow added at 8% (83.7:16.3) 
 
The figures below are curve fits for experimental diets used in the two 
experiments. Figure 4.1 shows comparisons between diets C, 4BT, 8BT, 4CO and 
8CO in Experiment A, and Figure 4.2 shows comparisons between diets 100BT, 
20CO:80BT, 40CO:60BT, 60CO:40BT and 80CO:20BT in Experiment B.  
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Figure 4.1 Ileal transit times of Cr2O3 marker in diets C, 4BT, 8BT, 4CO and 8CO. 
Where: C = 0% added fat, 4BT = 4% added beef tallow, 8BT  = 8% added beef tallow,  
4CO  = 4% added canola oil, 8CO  = 8% added canola oil 
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Figure 4.2 Ileal transit times of Cr2O3 marker in diets 100BT, 20CO:80BT, 40CO:60BT, 
60CO:40BT and 80CO:20BT. 
Where: 100BT=100% Beef Tallow added at 8% (47.9:52.1), 20CO:80BT=20% Canola 
oil + 80% Beef Tallow added at 8% (56.8:43.2), 40CO:60BT=40% Canola Oil + 60% 
Beef Tallow added at 8% (65.7:34.3), 60CO:40BT=60% Canola Oil + 40% Beef Tallow 
added at 8% (74.8:25.2), 80CO:20BT=80% Canola Oil + 20% Beef Tallow added at 8% 
(83.7:16.3) 
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4.4 Discussion  
4.4.1 Experiment A 
The hypothesis tested in Experiment A was that pigs fed diets supplemented with 
CO would have a greater digestibility of nutrients and diet components than pigs 
fed  BT-supplemented  diets. The present results suggest that  there is little 
difference in the CTTAD for DM or N between CO and BT,  however,  the 
CTTAD of fat and faecal DE increased with increasing levels of either fat, and 
the CTTAD of fat was higher for BT than for CO. 
 
The results for CIAD, however, were different. The results showed that a 4% 
inclusion rate CO increased the CIAD of N, DM and fat to a greater extent than 
that for BT but this effect (trend) was reversed when the inclusion rate for either 
fat source was raised to 8%. At the lower inclusion level (4%), CO increased the 
CIAD of N and CIAD of fat by some 6.8% (9.8% improvement) and 30.6% 
(75.7% improvement) points, respectively. The lower inclusion level (4%) of BT 
in contrast had no significant effect on the CIAD of N or fat. At the 8% inclusion 
rates CO actually depressed the CIAD of N and fat compared to the values 
measured at the  lower inclusion rate and BT improved the CIAD of N, DM and 
fat by 4.7 (6.8% improvement), 5.3 (9.6% improvement) and 30.4 (75.2% 
improvement) percentage points respectively compared to the control values. 
Furthermore in all cases the apparent digestibility of N, DM and fat was higher 
for BT than CO. The results have important implications and suggest at lower 
inclusion rate CO will support better performance and feed efficiency than BT 
but that the effects will be reversed at higher inclusion rates. Nevertheless the 
present results are based on apparent ileal digestibility. The implications at a 
commercial level need to be confirmed in animal performance studies. 
 
The effect of fat on N digestibility in the ileum observed here suggests that at the 
appropriate fat additions (4% CO and 8% BT) the N level of the diet might be 
able to be reduced without adversely affecting animal performance. The extent 
that different fats and fat levels might affect the digestibility of individual amino 
acids however will need to be established before the commercial implications of 
the current findings can be fully explored or exploited.  
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The link between DE and the digestibility of diet GE reported here is in line with 
the results of Wongsuthavas et al.  (2007). Data from the chicken study by 
Wongsuthavas  et al. (2007) also showed that soybean oil  tended to increase 
apparent fat and GE digestibility more than a tallow diet. The latter is in 
disagreement  with the results  reported here and the higher ileal fat and GE 
digestibility found for CO at the lower inclusion rates can be explained by the 
higher digestibility of PUFA versus SFA (Carroll, 1958; Becker et al., 1979; 
Lessire and Leclercq, 1982; Jung et al., 1988; Cera et al., 1988; Cera et al., 1989; 
De Schrijver et al., 1991; Smits et al., 2000). However, the fact that the fat-type 
effect on the CIAD was reversed when BT or CO were included in the diet at 8% 
suggests that the digestibility of PUFA and SFA by pigs may be dose-dependent 
with the SFA appearing more digestible at higher levels. The possibility warrants 
further research.  
 
Ozimek et al. (1984) demonstrated that the CIAD and CTTAD of DM were the 
same for BT and CO when the same amounts (10%) were supplemented in pig 
feed. The similar CIAD results between the 8BT and 4CO diets observed in the 
present study could be explained by an observation by Freeman et al. (1968) that 
tallow is less efficiently digested and has a lower potential for micellar formation, 
and therefore greater supplementation is required than CO for similar effects to 
be achieved. When UFAs are present, the potential for micellar formation of SFA 
increases. Therefore, my hypothesis that pigs fed CO supplemented diets would 
have a higher digestibility than pigs fed BT supplemented diets is both supported 
and rejected by this current study because the outcomes were dependent on 
whether the fats were compared at 4% or 8% inclusion rates. 
 
Fat supplemented diets (4BT, 8BT, 4CO and 8CO) improved the CIAD and 
CTTAD of fat, when compared to the control diet. These data are consistent with 
those reported by Frobish et al. (1970) and Jorgensen and Fernández (2000), who 
also found a greater digestibility
 of fat in diets with added fat compared with a 
no-added-fat
 control. This was most likely caused by endogenous losses
 (not 
accounted for with apparent digestibility determinations)
 contributing a higher 
proportion of the lipids excreted in faeces
 of pigs fed a diet with little fat (Xing et 
al., 2004).
 The CIAD and CTTAD values for fat were similar within treatments in  
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the current study. Øverland et al. (1994) suggested that for total fat, the faecal 
digestibility was similar to the ileal digestibility because the net disappearance 
was very small. The lower CTTAD of fat for 4CO (0.655) compared to the CIAD 
of fat (0.710) was most likely due to the hydrogenation of PUFA by the 
microflora in the caecum and colon. A ruminant study suggested that fat addition 
would restrict activities of  caecal microorganisms and reduce total tract 
digestibility of crude fat (Jenkins, 1993). A rabbit study found that because fat 
digestion occurs in the small intestine, there was no reason to attribute a negative 
influence of fat addition on caecal microflora (Fernandez et al., 1994). The 
current study suggests that BT may increase digestibility of fat (with the 
exception of 4% tallow for CIAD). However, there is still a considerable amount 
of fat in the digesta and it is important to remember that fat is concentrated up 
because other components of the diet are digested to a greater extent before the 
hindgut. Interestingly, and in total contrast to this current study, there have been 
many observations that have described lower digestibility of fat when tallow was 
fed compared to vegetable oils (Antoniou et al., 1980; Antoniou and Marquardt, 
1982; Ward and Marquardt, 1983; Wiseman and Lessire, 1987; Ketels and De 
Groote, 1989; De Schrijver et al. 1991). There are limited studies suggesting that 
the amount of fat, regardless of type, influences fat digestibility. Lowrey et al. 
(1962) observed, as in this study, a positive effect of added fat (amount not type) 
on apparent fat digestibility and explained that this would be expected, due to the 
greater relative contribution of metabolic fat to the faeces of pigs fed rations 
containing no added fat.  
 
Generally, the DE content of diets with fat addition was greater than that of non-
added fat diets, as a result of the influence of both GE content and energy 
digestibility. The measured DE values were lower than the formulated values and 
this was consistent across all diets, suggesting that there may have been a 
“problem” related to the energy content of the basal diet rather than the 
digestibility of the fat sources themselves. In the present study, dietary fat 
addition improved the CTTAD of energy. When comparing the 4% supplemented 
fat diets and the 8% supplemented fat diets, the higher DE diets (8BT and 8CO), 
but 8CO, in particular, resulted in lower or similar CTTAD of DM, N and GE, as 
compared to the lower DE diets (4BT and 4CO) (Table 4.3). However, a  
 
95 
significant increase in CTTAD of energy suggests there was reduced hindgut 
fermentation combined with an increased energy contribution from the additional 
fat. Given that the results show significantly lower CIAD of fat for 4BT and 8CO 
and the CIAD of DM for both these diets is not much different from the 
digestibility of fat in the control diet it would seem that these fat additions (4BT 
and 8CO) are not practical nor efficient when compared to 8BT and/or 4CO. 
There may simply be a threshold, whereby 8% CO may have a depressing effect 
on the intestinal microflora. Lower microbial synthesis results in lower microbial 
protein synthesis and improved faecal protein digestibility (Jorgenson et al., 
1996).  
 
4.4.2 Experiment B 
This experiment tested the  hypothesis  that:  a  higher UFA:SFA ratio would 
improve digestibility of nutrients and diet components.  The UFA:SFA 
combination data (Table 4.4) shows that a gradual increase in the level of UFA 
(as CO) was associated with increased CIAD of DM and N (although not 
significant). This trend (P=0.106) supports the hypothesis for this particular 
experiment, that a higher UFA:SFA ratio would improve digestibility of nutrients  
and diet components. The trends for N and DM however did support the results 
of Experiment A and suggest that with a 100% CO diet or further replication, 
CIAD of DM and N may have become significant.  
 
Wongsuthavas et al. (2007) similarly found that a gradual increase in the level (or 
ratio) of UFA in diet for broiler chickens was associated with increased fat 
digestibility. Powles et al. (1993) compared the digestibility of several fat sources 
comprising a wide range of UFA: SFA ratios as well as fats of intermediary 
UFA:SFA ratios formed by blending (as was the case in the present study). When 
SFA and UFA were blended together, an interaction between them may allow for 
improved digestibility of the SFA and result in an increase greater than either fat 
source alone. Cera et al. (1990) reported that digestibility of tallow was improved 
when mixed with soybean oil, and suggested that increased digestibility of the 
tallow might result from factors such as high PUFA content and phospholipids in 
soybean oil. However, Powles et al. (1993) found that the digestibility depended 
more on the degree of fatty acids saturation, and that the digestibility of fat blends  
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was not different from that predicted from the individual fat sources. Data from 
the current study support this observation, and the suggestions of Lauridsen et al. 
(2007) that individual fat sources are superior to blending as a suitable added fat 
diet for grower pigs.  
 
4.4.3 Transit times 
Fat in the diet has the effect of slowing passage rate (Cunningham et al., 1962) 
and because rate of passage is reduced, the digestibility of nutrients is improved 
(Lewis and Southern, 2001). The slowing of gastric emptying is dependent on 
digestion of fat to fatty acids (Carney et al., 1995; Schwizer et al., 1997; 
Pilichiewiez et al., 2003; O’Donovan et al., 2004). Unfortunately the results from 
this current study are unable to establish definitively the influence of fat type and 
amount of fat on the transit time of digesta through the gastrointestinal tract, due 
to the lack of replication. In retrospect, it would have been better to not pool 
samples (therefore provide replication), to have more samples before giving the 
Cr-free  diet, to feed small amounts of feed more frequently, to have greater 
number of early samples (i.e. every half an hour) during the early part of the 
decay curve, and to sample faeces for a longer period.  
 
Nevertheless, data in Figure 4.1 and Table 4.5 shows that Cr2O3 levels in diet C 
(control) decreased more rapidly than the fat-supplemented diets, and this 
observation supports the common belief that fat slows rate of passage. However, 
over time, diet C did plateau. Diet 8BT and 4CO showed similar half-lives for 
ileal transit times (3.09 and 3.14 hours, respectively). These similar transit times 
may also help explain why the CIAD of these two diets were similar, as both 
diets spend a similar amount of time in the stomach. The same is true for diets 
4BT and 8CO (3.44 and 3.50, respectively). However, the improved CIAD 
observed in Experiment A of diets 8BT and 4CO was associated with a faster 
transit time and does not support the literature or hypothesis. Figure 4.2 
demonstrates that the concentration of Cr2O3 in diet 80CO:20BT decreased most 
rapidly. However, when assessing the half life data (Table 4.6), diet 60CO:40BT 
decreased the time required for half the feed fed to reach the ileum. The results 
suggest that higher levels of UFA may decrease transit time. According to Li and 
Sauer (1994), an advantage of including CO in the diet of pigs is the  
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improvement of the CIAD despite no change in rate of passage. Digestibility in 
this study, consistent with Li and Sauer’s (1994) study, was not influenced by 
changes in passage rate of digesta. Diet 40CO:60BT contained some high values 
(outliers), which may have been contaminated with faeces, or pigs given diet 
containing Cr. There was no half life estimate for 100BT as data were not 
available to obtain a realistic plateau at the top of the curve.  
 
4.5 Conclusions 
The results of the two experiments showed that fat digestibility increased with fat 
inclusion level and suggest that the effects of fat type or fats with proportionally 
high levels of unsaturated or saturated fatty acids on fat and other nutrient 
digestibility was affected by the inclusion rate of the fat. At 4% inclusion rates 
CO had a significantly greater effect on CIAD of fat, N and DM than BT. At the 
8% inclusion level, these effects were reversed. The difference between the two 
fat sources on CIAD of fat at the 4% inclusion level was large (18% percentage 
points in favour of CO). The results have important scientific and practical 
implications assuming ileal differences of the magnitude measured here are 
reflected in improved nutrient utilization by the growing animal, since CTTAD of 
fat was higher overall for the BT diets than the CO diets. The full implications of 
the results can only be elucidated in appropriately designed animal performance 
studies. 
 
The results also showed that, at 8% inclusion level, there were no significant 
effects of the ratio of CO to BT on the CIAD or CTTAD of any of the nutrients or 
diet components measured. The findings suggest that at higher inclusion rates 
there is little or no value in blending fats. 
 
Overall the results suggest that the choice of fat to be used in diets for growing 
pigs may depend on the inclusion level, with lower inclusion levels favouring 
unsaturated fat types (i.e. CO) and inclusion level at 4% favouring saturated fat 
types (i.e. BT). The results,  however,  need to be evaluated in performance 
studies. 
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CHAPTER 5 
 
GENERAL DISCUSSION 
 
While the pork industry has achieved tremendous gains in productivity and 
efficiency, opportunities for producers still exist to improve profitability using 
diets supplemented with fat during the finisher phase. However there is some 
contention in the industry as to how much fat to supplement in diets and when it 
should be added during the pigs growth, mainly because of the fear associated 
with overly fat pigs at slaughter. Nevertheless there is some evidence (e.g., 
Campbell, 2005) suggesting that the strategic use of fat in diets for growing-
finishing pigs can improve both production and profitability, although this has not 
adequately been substantiated under Australian conditions with respect to both 
the duration of feeding and the optimum type/amount of fat that should be added 
to diets.  
 
To address this issue, a number of hypotheses were tested in the experiments 
reported in this thesis: 
 
1.  Supplementing grower/finisher diets with added fat would improve 
FCR and   growth performance without being detrimental  to P2 
backfat thickness; 
2.  Feeding supplemental fat in the finisher period only, would enhance 
production. However, if fat is already present in the grower diet, 
eliminating it in the finisher diet would be detrimental to animal 
performance; 
3.  Adding Canola oil (CO) with a higher UFA:SFA ratio to pig diets 
would improve digestibility of nutrients and dietary components more 
than adding beef tallow (BT) with a lower UFA:SFA ratio. 
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5.1 Growth performance of pigs fed different percentages of added fat at different 
stages of production 
Adding fat to grower/finisher pig diets has not consistently shown an 
improvement in average daily gain. In fact, it appears that an increase in daily 
gain may not be seen until the added fat level is approximately 5%. The 
experimental results described in Chapter 3, question previous literature, and 
demonstrates that 4% added fat (as tallow) is enough to significantly increase 
daily gain (ADG). The ADG was lower in pigs that received supplemental fat in 
the grower period and was increased by supplemental fat in the finisher period. 
The results further suggested that dietary fat supplementation during the finisher 
period increased ADG in pigs that had not previously consumed dietary fat but 
not in pigs that had previously consumed dietary fat. The finding confirms the 
results of Campbell (2005) and suggests that adding fat to the diets offered to pigs 
in one period affects growth rate in subsequent periods. Some research (e.g., 
Tokach, 2006) suggests that the impact of fat on ADG is greater during the 
grower and early finisher phase with little impact on ADG of pigs in late 
finishing. Tokach (2006) stated that grower pigs are capable of tremendous rates 
of growth and often have large growth responses to fat because of their relatively 
low feed intake in relation to their high capacity for growth. However, the finding 
does not take into account the effects of the pig’s physical constraints on feed 
intake as it increases in weight and the results in this current study suggest that 
pigs have a greater response to fat in the late finisher period if they were being 
fed a diet without added fat prior to that time. The result is in line with those of 
Campbell (2005) and Philpotts et al. (2008). Thus, the growth response to fat may 
vary based on previous diet as well as genetics and the production system. 
 
Research has consistently shown that when fat (energy) concentration increases 
in the diet, feed intake decreases without adversely affecting gain, resulting in a 
subsequent improvement in feed efficiency (Nelssen, 1985; Moser, 1997; Baudon 
et al., 2003), at least when measured as feed efficiency. However in my study, 
feed intake (Chapter 3) did not change when fat was added to the diet.  
 
Data from De La Llata et al. (2001) also support my results in Chapter 3, where 
there was no impact on feed intake of increasing energy density of a diet by  
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adding fat from 0 to 6% (0, 4 and 8% added fat in the current experiment). 
However, there was a linear improvement in growth rate to the highest level of 
added fat (Figure 5.1). This however, was during the growing phase and not the 
finisher phase as was the case in the current experiment. De La Llata et al. (2001) 
found that in the later stages of growth, increasing energy density caused 
decreased feed intake resulting in similar energy intake per day but without 
impact on growth rate across a range of energy densities (Figure 5.2). 
 
 
Figure 5.1 Influence of level of added dietary fat on pig performance (36 to 64 
kg) (after De la Llata et al., 2001). 
 
 
 
Figure 5.2 Influence of level of added dietary fat on pig performance (95 to 120 
kg) (after De la Llata et al., 2001).  
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The inconsistent effect of ADG and intake of adding fat to pig diets may be 
related to methods of formulating diets with added fat. If there are no other 
constraints then pigs eat to meet their energy needs. Thus, if the energy density 
(added fat) of the diet is increased, pigs do not have to eat as much per day to 
satisfy their energy requirements. Generally, the net result is a reduction in daily 
feed intake with fat supplementation. The response suggests that nutrients other 
than those providing energy (i.e. protein) may need to be increased in the diet to 
maximize the use of added fat. However, results from both Chapter 3 and 4, 
suggest the opposite.  
 
Unfortunately, carcass backfat is increased in pigs fed fat-supplemented diets 
(Cromwell, 1997). Chapter 3 indicated, also, that back fat at the P2 site was 
increased by supplementing fat in the finisher period as was final carcass weight. 
However, the greater P2 measurement caused by fat supplementation in the 
finisher period did not incur substantial price penalties as only a small percentage 
exceeded the maximum P2 for the grading system they were sold into and these 
animals were also heavier. 
 
5.2 Effect of fat on blood parameters 
Investigating blood parameters is an important method to determine diet status in 
animals. Data related to blood parameters may be good indicators for observing 
effects of different diet practices (Yurtman et al., 1997). In Chapter 3, blood 
parameters (metabolites) were examined to understand the effect of added fat. As 
expected, the increased fat level increased TAG. Plasma concentrations of NEFA 
were significantly increased during period 1 (grower period) by added fat, 
suggesting that there was either a possible increase in fat mobilization or 
hydrolysis of circulating triglycerides and inefficient uptake.  
 
Plasma glucose, the primary substrate for de novo lipid synthesis, was unaffected 
by added dietary fat, suggesting that de novo lipid synthesis was largely 
unaffected. However, it would be expected that there would have been no effect 
of added fat on insulin also and this was not evident. Glucose concentrations, 
however, are not the only driver of plasma insulin. Dietary fat may induce insulin 
resistance. The current study found increased TAG and NEFA (drivers of  
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insulin), which resulted in increased insulin in the grower period (period 1) by the 
addition of fat, which has been well established. However over time, the levels of 
insulin settled and in the finisher period (period 2), only boars had increased 
levels of insulin due to added fat, suggesting greater levels of NEFA which is 
likely due to lower fatty acid uptake. The higher levels of NEFA usually indicate 
decreased insulin action. As the glucose concentration was unaffected by added 
fat, it can be assumed that added fat had no effect upon the ability of insulin to 
stimulate glucose removal. The finding is in agreement with Ostrowska et al. 
(2002).  
 
5.3 Economic benefits of feeding supplemental fat 
Adding fat to pig diets is a matter of economics. For example, in many situations 
(as in Chapter 3), adding fat to the diet increases diet cost and feed cost per kg 
gain. Because the added fat also increases ADG under most commercial 
conditions, the value of the increased gain must be considered in arriving at the 
most economic energy level. The value or effect on profit will depend on the 
improvement in carcass weight elicited by the addition of fat to the diet, pig price 
($/kg carcass weight), fat price and any penalty associated with a change in fat 
thickness. 
 
From a practical standpoint, the first factor that dictates dietary energy density is 
the selection of ingredients available. For example, a pig producer that grows 
wheat with on-farm feed milling and without capabilities of adding fat will have a 
dietary energy density of the diet dictated by whatever level will be provided by 
the wheat source. In contrast, a producer that has access to low cost alternative 
ingredients and a variety of added fat sources can outline a detailed analysis and 
formulation, dictating the dietary energy density required. Because of the 
importance of energy intake in driving ADG and market weight, high energy 
diets can often increase margin over feed cost and, thus, net profit, while not 
being the lowest in feed cost per kg of gain. This was the case in Chapter 3, in 
which 0% added fat fed in the grower phase and then 4% added fat fed in finisher 
phase led to the greatest increase in net return compared to a control diet.  
 
5.4 Canola oil versus beef tallow and their effects on digestibility  
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One of the factors that influence the nutritional value of fat sources is digestibility 
which in turn is affected by the degree of fatty acid saturation (Jorgensen et al., 
1992, 1993, 2000, Overland et al., 1994). Improved growth performance noted in 
pigs  offered a diet supplemented with tallow (BT) (Chapter 3), and reported 
previously (Campbell, 2005) prompted investigation of the effects of fat source 
(BT and CO) and the level of fat on rate of passage and nutrient digestibility in an 
attempt to elucidate  the mechanisms underlying the improvements in animal 
performance. The results showed that CIAD of fat was higher for CO when both 
fats were included in the diet at 4% and higher for BT when both fats were 
included in the diets at 8%. Similar differences between the fats and levels were 
found for the CIAD of other nutrients including DM, N and GE. The differences 
in the CIAD of fat when different fat amounts or different types of fat were fed 
can be explained by different levels of endogenous fat relative to dietary fat. Ileal 
digesta from
  pigs fed the 8BT and 4CO diets likely had a lower
  level of 
endogenous fat relative to dietary fat than ileal digesta
 from pigs fed the C diet. 
Due to the lower level of fat
 in the C diet, the amount of endogenous fat at the 
end of
 the small intestine, relative to undigested dietary fat, would
 likely have 
been higher than for pigs fed the other diets. However,
 there were no differences 
in the ileal digestibility of fat
 between the diet 4BT and 8CO, indicating that the 
type of dietary fat x amount of dietary fat, did not affect
 fat digestion in the small 
intestine.
  The outcome was unexpected though CTTAD favored beef tallow 
regardless of the inclusion level in the diets and neither fat source nor level 
affected the CTTAD of any other nutrient. This result may suggest that there may 
have been some differences between the fat sources which were masked by the 
modifying and equalizing effects of the microflora in the cecum and large 
intestine as explained by Sauer and Ozimek (1986). Some may suggest that there 
was also an effect of surgical intervention on digestion. However, Jorgensen et al. 
(1996) demonstrated an increase in the CTTAD of protein when growing pigs 
were fed diets containing 4, 8 and 16% canola oil. CTTAD of energy, however 
was significantly affected (P<0.05) by the amount of fat fed. This result would be 
expected, as the efficiency of utilization of energy for growth would tend to 
increase from a control diet to diets with greater fat amounts (in this case, 8BT 
and 8CO) as a consequence of the reduced hindgut fermentation and the 
increased energy contribution from fat. Nutrient digestibility (CIAD) improved  
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with adding fat (as BT) in Chapter 4 with no negative effects on carcass quality 
(Chapter 3). It would have been of interest to run Experiment 1 (chapter 4) in 
growing pigs to measure FCR and growth performance and determine 
correlations with coefficients of apparent digestibility and the performance data 
within the one study. 
 
5.5 Blends/combinations of fat (UFA:SFA) and their effects on digestibility 
One of the factors that influence the nutritional value of fat sources is digestibility 
which is affected by the interaction between saturated and unsaturated fatty acids. 
Evidence indicates that blends of oils support excellent performance in baby pigs. 
The current study (Chapter 4) indicates, just as Lauridsen et al. (2007) did, that 
there is no benefit to feeding blends of oil and tallow to grower pigs since there 
were no significant effects on apparent digestibility coefficients of any nutrient 
measured. There was however a trend (P=0.106) suggesting that a higher 
UFA:SFA ratio would improve digestibility of nutrients and dietary components. 
Further (combined digestibility with performance study) work is needed to 
confirm. Powles et al. (1993) suggestion that digestibility depends more on the 
degree of fatty acids saturation, and that the digestibility of fat blends is not 
different from that predicted from the individual fat sources may have merit. 
 
5.6 Effect of fat on transit time/gut motility 
According to Lin et al. (2004), intestinal transit is more potently inhibited by fat 
in the ileum than in the jejunum. Unfortunately due to poor experimental design, 
the transit time results in Chapter 4 for transit rate are unable to clearly determine 
the effect of fat type/amount/combination on intestinal transit times. Without 
replication it is difficult to make comparisons between diets. 
 
Chapter 4 results do suggest however, that fat may slow rate of passage. Diets 
8BT and 4CO showed similar ileal transit times, which may help explain the 
similar CIAD of these diets. However, the improved CIAD of these two diets is 
associated with faster transit times and does not support other studies, such as the 
ones conducted by Gregory et al., 1987, 1988 and Walker at al., 2003. 
 
5.7 Conclusions  
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The hypothesis that now needs to be investigated is whether digestibility is 
correlated with performance. Phillips (1984) noted that efficiency of utilization of 
ingested feed is affected by digestion. The results presented in this thesis are 
important assuming that the different CIAD values relating to the different fat 
types and amounts demonstrated in Chapter 4 will be reflected in growth 
performance. It was concluded in Chapter 3 that 4% supplemental fat (as tallow) 
in the finisher period (Period 2), would be optimal for maximum performance, 
yet the results in Chapter 4 suggest that 4% supplemental fat (as tallow) did not 
have positive effects on ileal digestibility of nutrients compared to 8% tallow or 
4% canola oil. The results may indicate that there is little correlation between 
growth performance and ileal digestibility estimates involving fats. However, 
only one fat source was used in the first experiment (Chapter 3) and more 
definitive information can only be obtained and the full implications of the 
research elucidated by investigating the effects of different fat levels and types on 
the performance of growing pigs and to link this with digestibility studies.  
 
Overall the studies presented in this thesis comparing the effects of fat amount 
and type on pig growth and digestibility supported my hypotheses though the 
effects of fat on performance and apparent nutrient digestibility are not simple or 
straight forward. Pigs offered diets containing differing amounts of BT performed 
differently and the inclusion of fat in the diet improved ADG, FCR and economic 
gains. Pigs fed different types of fat exhibited differences in ileal nutrient 
digestibility but the differences and magnitude of the effects were affected by the 
type and level of fat involved. 
 
The conclusions drawn from the interpretation of results are:  
 
1.  Feeding supplemental fat in the finisher period only elicited the 
greatest improvement in pig performance and economic returns. The 
results also showed that the performance enhancing effects of   
including fat in the finisher period are maximized when fat is not 
included in the diets previously offered pigs. Indeed the results 
suggest that the effects of fat in finisher diets on performance (and 
profit) may be negated if the fat is included in the pig’s previous diets;   
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2.  The inclusion of 4% added fat in finisher diets appears to maximize 
economic returns;  
3.  The digestibility of fat increases with inclusion levels but at the ileal 
level, digestibility is higher for UFA at lower inclusion levels (4%) 
and higher for SFA at higher inclusion levels (8%) (i.e., a 4% 
inclusion level of CO had a greater positive effect on CIAD of fat, 
DM and N than BT. However, 8% CO was not as effective in 
improving CIAD of fat, DM or N). 
 
Findings that arose from this thesis which may be useful to the pig industry 
and/or warrant further investigation include: 
 
1.  A need for further animal studies to determine whether the differences 
in ileal digestibility associated with the level and type of fat affect 
animal performance, or is it a nutrient supply across the whole 
digestive system which  is the driver of performance. A better 
understanding on the effect of fat (type and level) will greatly assist 
farmers and how they formulate their grower/finisher diets now and in 
the future; 
2.  The apparent effects of dietary added fat on ileal digestibility of 
protein needs to be investigated since the results have both cost and 
environmental implications; 
3.  A greater understanding of the factors affecting the pig’s response to 
dietary added fat (energy) is required to better enable producers to 
determine the circumstances under which the strategy will be most 
cost effective. Such studies should investigate factors such as gender, 
age/weight, stocking density, genetics, behavior and temperature; 
4.  In commercial pig production, even small improvements in feed 
conversion can result in considerably increased profits. Therefore, 
more detailed research is needed on the effects of fat level and type on 
utilization of fats and on the consequent effects on feed efficiency in 
finisher pigs. 
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Increased confidence in the use of fats and/or oils in grower/finisher pig diets is a 
positive outcome of the work presented in this thesis and the industry should now 
be in a better position to utilize fats more effectively.  
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APPENDIX I 
 
 
SIMPLE ‘T’-PIECE CANNULATION TECHNIQUE AND ILEAL 
COLLECTION PROCEDURES 
 
The procedures for surgical insertion of the simple T-piece cannula into pigs 
is described as follows: 
 
Pigs were  pre-medicated with a single intramuscular injection consisting of 
Ketamine hydrochloride (Ketalar®, Pfizer U.S. Pharmaceuticals) and Xylazine 
(Rompun™, Bayer, Pymble, NSW, Australia). Dose rates of Ketamine 
hydrochloride : Xylazine combination were 10mg/kg:1mg/kg respectively. When 
sedate, the right flank was shaved and the pig washed. The pig was transferred to 
the surgery table and an intravenous injection of 5% sodium thiamylal (Surital, 
Pfizer U.S. Pharmaceuticals) in water (sterile water for injection  BP, Hameln 
Pharmaceuticals Ltd., Glucester, UK) was administered via an ear vein to induce 
deep anaesthesia.  The pig was then incubated with a 7 mm endotracheal tube and 
placed in lateral recumbancy and an intravenous drip containing amino acids, 
dextrose, electrolytes and B complex vitamins  (10% Aminolite, Boehringer 
Ingelheim Pty. Ltd., North Ryde, NSW, Australia) in saline was introduced via 
the ear vein catheter. Anaesthesis was maintained with 2-4% isoflurane 
(Isoflurane®, Veterinary Companies of Australia, Artamon, NSW, Australia). 
 
1.  A 8-10 cm posterior-anterior incision was made and muscles were dissected 
by blunt dissection. 
2.  The terminal ileum was located and externalized and irrigated with sterile 
saline. Approximately 10 cm anterior to the ileo-caecal junction an incision 
was made in the intestine. The cannula was then inserted and secured via a 
double purse string suture using Ethicon Absorbable PERMA-HAND 3-0 
black braided 18” silk sutures, Novartis Animal Health Pty. Ltd., North Ryde, 
NSW, Australia.  
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3.  The site of externalization of the cannula was irrigated with long-acting 
penicillin (Triplopen, Glaxo Laboratories Ltd, Greenford, UK) and the 
cannula returned to the peritoneal cavity. 
4.  A second incision was made approximately 10 cm anterio-ventrally from the 
first using a cork borer and blunt dissection. The cannula neck was 
externalized through the second incision and secured with a flange. 
5.  The peritoneal cavity was irrigated with Triplopen (Glaxo Laboratories Ltd., 
Greenford, UK). Muscle layers below the original incision were closed using 
interrupted mattress sutures using Ethicon absorbable/coated Vicryl™ Rapide 
(Polglactin 910) 3.0 sutures (Novartis Animal Health Pty. Ltd., North Ryde, 
NSW, Australia). Isofluorane levels were scaled back to zero  and oxygen 
administration maintained. The skin layer was secured using internal sutures 
(Ethicon absorbable/Monocryl* Plus (poliglecaprone 25), (Novartis Animal 
Health Pty. Ltd., North Ryde, NSW, Australia). The pig was administered 
doses of long-acting antibiotic (Moxylan LA, Jurox Pty. Ltd., Rutherford, 
NSW, Australia), analgesic (Xylazine, Rompun™, Bayer, Pymble, NSW, 
Australia), and vitamin K (Vitamin K injection, Phytonadione Injectable 
Emulsion USP, Aquamephyton®, Merck Pty. Ltd., Australia, Kilsyth, VIC, 
Australia). 
6.  The incisions were sprayed with Chloromide (Troy Chloromide Antiseptic 
Spray, Try Laboratories (Australia) Pty Ltd., Smithfield, NSW, Australia). 
7.  The pig was then returned to a recovery pen and observed until a swallowing 
reflux was evident. The endotracheal tube was then removed and observation 
continued until the pig was able to stand in the pen. Electrolytes (Solulyte™ 
concentrate, BEC Feed Solutions Pty. Ltd., Carole Park, QLD, Australia) 
were provided in a bucket of drinking water until food was made available 24 
hours after surgery. 
8.  During ileal and faecal collection, pigs were transferred to a metabolism 
crate. To collect ileal digesta, the screw cap used to close the cannula was 
replaced by a nipple. The nipple was screwed into the neck of the cannula, 
which allowed a tube-like bag to be attached using a rubber band. 
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